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ABSTRACT 



The origin of neutrino masses is currently one of the most intriguing questions of 
particle physics and many extensions of the Standard Model have been proposed 
in that direction. This experimental evidence is a very robust indication of new 
physics, but is not the only reason to go beyond the Standard Model. The existence 
of some theoretical issues supports the idea of a wider framework, supersymmetry 
being the most popular one. In this thesis, several supersymmetric neutrino mass 
models have been studied. In the first part, the phenomenology of models with 
bilinear-like R-parity violation is discussed in great detail, highlighting the most 
distinctive signatures at colliders and low energy experiments. In particular, the 
correlations between the LSP decay and neutrino physics are shown to be a powerful 
tool to put this family of models under experimental test. Other important signa- 
tures arc investigated as well, like majoron emission in charged Icpton decays for the 
case of models with spontaneous breaking of R-parity. A very different approach is 
followed in the second part of the thesis. Supersymmetric models with a Left-Right 
symmetry have all the ingredients to incorporate a type-I seesaw mechanism for 
neutrino masses and conserve R-parity at low energies. In this case, which only 
allows for indirect tests, the generation of neutrino masses at the high seesaw scale 
is encoded at low energies in the slepton soft masses. Contrary to minimal seesaw 
models, sizeable flavor violation in the right slepton sector is expected. Its exper- 
imental observation would be a clear hint of an underlying Left-Right symmetry, 
providing valuable information about physics at very high energies. 
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1. INTRODUCTION 



The research developed in this doctoral thesis aims to characterize neutrino masses 
in supersymmetric theories, both in models at low and high energies, and the study 
of the resulting phenomenology at colliders (such as the LHC or a future ILC), 
astroparticle physics and cosmology. 

The historic discovery of neutrino oscillations made a major breakthough in 
particle physics and implies that neutrinos have masses. This is nowadays an active 
field of research that deals with the interdependencies between particle and nuclear 
physics, astrophysics and cosmology, areas in which the neutrino plays a central 
role. 

Thanks to the precision reached by modern experiments it has been possible to 
determine the values of the parameters involved in the flavor oscillations observed 
in different experiments, obtaining a total agreement and leading to the acceptance 
of the oscillation mechanism as the cause of the observed phenomena. Therefore, 
due to the lack of neutrino masses in the Standard Model of particle physics, it has 
become necessary to go beyond the established theoretical framework in order to 
explain their origin. 

Furthermore, the Standard Model has also some theoretical problems that make 
us think that it is an incomplete theory. In particular, the sensitivity of the Higgs 
boson mass to the existence of heavy particles requires a strong fine-tuning of the 
parameters if the mass of this particle lies at the electroweak scale. This natural- 
ness problem is known as the hierarchy problem. Many ideas have been developed 
in order to solve this flaw of the Standard Model. The most popular one. Super- 
symmetry, provides a technical solution to the hierarchy problem, while at the same 
time it has the necessary ingredients to accomodate new physics. In the case of neu- 
trinos, a discrete symmetry, known as R-parity and defined as Rp = (— l)3(s-i)+2s^ 
with B and L the baryon and lepton number and s the spin of the particle, plays 
a determinant role. Both the origin of this symmetry and its connection to the 
generation of neutrino masses are topics that deserve investigation in depth. 

The present thesis can be divided into two research lines closely linked. On 
the one hand, the phenomenology of supersymmetric neutrino mass models with 
R-parity violation has been studied in great detail. This type of theories offers a 
very rich phenomenology in present and near future experiments. Therefore, the 
study of the experimental signals that are predicted is of fundamental relevance to 
understand the connection between the underlying theory and the data obtained 
by the experimental collaborations. On the other hand, the opposite situation has 
been studied as well. If R-parity is conserved, neutrino masses must be generated 
in a different way. This has led us into the investigation on the origin of R-parity 
and how this can be related to neutrino masses. In particular, supersymmetric 
theories with a left-right symmetry represent an ideal framework for this purpose, 
since they can lead to R-parity conservation at low energies and incorporate the 
seesaw mechanism to generate neutrino masses. 

Finally, we should keep in mind that we are living a moment of high expectation 
in particle physics, due to the recent startup of the LHC. This will hopefully soon 
imply the arrival of large amounts of new experimental data with very valuable 
information about the fundamental components of matter. Therefore, this thesis 
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mainly focuses on phcnomcnological issues, concentrating on the LHC and on re- 
lated experiments that will attempt to unravel the misteries that nature is still 
bidding from us. 

1 . 1 Organization of the manuscript 

I start with a list of publications, and the Chapters based on them. The outline is 
briefly described. 

Chapter 1 contains the introduction, an overview which summarizes the main 
ideas and the conclusions of the thesis in Spanish. 

Chapter 2 contains the introduction and the organization of the thesis. 

In Chapter 3, an introduction to supersymmetry is presented. Starting with 
the Standard Model and the well-known hierarchy problem, supersymmetry is mo- 
tivated and briefly reviewed. Special attention is paid at the end of the chapter to 
the role of R-parity. 

Chapter 4 is a review of neutrino mass models. First, the current experimental 
situation is discussed and the need for neutrino masses is highlighted. Then, after 
a brief discussion on Dirac neutrinos, the chapter focuses on Majorana neutrinos, 
describing several models that can generate them. 

Chapters 5, 6, 7 and 8 contain the work developed in this thesis on R-parity 
violation. After a general introduction in chapter 5, chapter 6 concentrates on Spon- 
taneous R-parity violation, defining the model and discussing its phenomenology at 
colliders and low energy experiments. Chapter 7 focuses on a different model, the 
so-called /.ti^SSM, and studies its phenomenology in great detail. Finally, chapter 
8 summarizes this part of the thesis by comparing the different fi.p models under 
investigation. 

Chapter 9 represents the second part of the thesis, focused on supersymmetric 
left-right models and lepton fiavor violation. The current status in the theory of LR 
models is reviewed and a particular model is chosen for numerical study. After a 
detailed discussion on the basic properties of the model our results and conclusions 
are presented. 

Finally, chapter 10 summarizes the thesis. 



2. SUPERSYMMETRY 



Supcrsymmetry is one of the most popular extensions of the Standard Model. 
Widely studied over the last decades, it addresses many of the problems, both 
theoretical and phenomenological, present in the Standard Model. In addition, it 
leads to a plethora of new phenomena, expected to appear at current and future 
experiments. A general review is presented here in order to introduce the setup for 
the following chapters. 

2.1 The Standard Model and the hierarchy problem 

An impressive number of measurements have established that the Standard Model 
can describe the world of fundamental particles to a very high precision. Colliders 
like SPS, LEP or Tcvatron have explored its predictions and studied each one of its 
fundamental pieces, finding a stunning agreement between theory and experiment. 
As a result of this amazing success, the Standard Model has become one of the 
essential ingredients in our current understanding of physics. 

However, more than two decades after its invention, there are some experimental 
results in contradiction with the Standard Model. One of them is the fundamental 
motivation for this thesis: neutrino masses. As we will see in the next chapter, the 
Standard Model was built under the assumption of massless neutrinos, something 
that neutrino oscillation experiments have shown to be wrong. 

Furthermore, there are still many theoretical questions that the Standard Model 
is not able to answer. Just to mention a few, the unknown origin of the flavor 
structure or the uncontrolled radiative contributions to the Higgs boson mass are 
unsolved problems in the Standard Model. 

These reasons, both experimental and theoretical, point to the need of a new 
paradigm beyond the Standard Model. Among the different possibilities. Super- 
symmetry (SUSY) is the most popular choice, due to its capability to account for 
many of the problems of the Standard Model. 

2.1.1 Standard Model basic 

The Standard Model (SM) was born as several brilliant ideas in particle physics 
gathered together to become a coherent frameworl|3- The consistent combination 
of the different pieces led to a global picture that has been shown to describe 
very accurately the world of subatomic physics. In fact, after its establishment in 
the early 70s the SM has been put to constant experimental test, and only a few 
anomalies have been recently foun^l. In that sense, the SM can be considered as 
a very good description of particle physics up to the energies explored, but also as 
the starting point for model builders who want to extend it to higher energies. 

^ Reference ^ presents the historical development of the Standard Model from the experience 
of one of its fathers. 

^ Neutrino masses is the most important of these experimental anomalies. The existence of 
dark matter and the baryon asymmetry of the universe are other issues, in this case based on 
cosmological observations, not explained by the Standard Model. 
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The overwhelming success of Quantum ElectroDynamics (QED) in the late 40s 
was taken as proof in favor of quantum field theory as a good theoretical frame- 
work to describe particle physics interactions. The most controversial issue was the 
interpretation of the infinities that appeared in computations beyond the leading 
order in perturbation theory However, the technique of renormalization, whose 
purpose is to eliminate these infinities, was shown to give results in good agreement 
with the experimental data and after many years was finally regarded as consistent. 
The first application of this technique was done by Hans Bethe, who calculated the 
famous Lamb shift in 1947 [3], opening a new way to handle the infinities. This 
way, the theory developed by Tomonaga, Feynman, Schwinger and Dysor|f| became 
totally consistent, and even today it remains the most accurate description of a 
physical phenomena. 

On the other hand, the progress in our understanding of the weak interactions 
was a step behind. The four fermion interaction theory developed by Fermi [SJ [6] 
was known to be plagued with infinities that were impossible to remove. It was clear 
that a high energy completion was required and the possibility of an intermediate 
vector boson was being discussed as a potential solution to these problems. 

Finally, the zoo of baryons and mesons that were discovered along the years 
was understood after the establishment of the quark model proposed by Gell-Mann 
and Zweig [7j |8] . The idea that hadrons (baryons and mesons) were not fundamen- 
tal particles but bound states of quarks was used to classify the discovered states 
according to their quantum numbers, in analogy to what Mendeleev did with the 
periodic table of the chemical elements. Results from deep inelastic scattering ex- 
periments and the discovery of predicted new states provided strong experimental 
evidence in favor of internal structure for hadrons, and Gell-Mann was awarded the 
Nobel Prize in 1969. However, the underlying dynamics responsible for the quark 
interactions inside hadrons was still to be found. 

One of the major breakthroughs in the development of the Standard Model was 
the work by Yang and Mills . The extension of gauge symmetries to non-abelian 
Lie groups was the fundamental piece of the puzzle that allowed theorists to build 
intermediate vector boson models with a symmetry basis. However, the masslessness 
of the gauge bosons was still a problem, since it was already clear that the weak 
interactions are mediated by a massive particle. The missing ingredient, key for 
the consistency of the full theory, was the mechanism of spontaneous symmetry 
breaking. The works by Englert, Brout, Guralnik, Hagen, Kibble and Higgs [lOl 
im [T2I [T3I [T4] , preceded by Goldstone and its famous theorem [15] , showed that 
the gauge bosons get masses when the vacuum structure of the theory leads to 
the spontaneous breaking of the gauge symmetry. Nowadays, the so-called Higgs 
mechanism is vastly employed as a way to generate masses for particles and its 
applications beyond fundamental particle physics are well known. 

With all these pieces, Weinberg, Salam, Glashow and other leading theorists in 
the late 60s gave birth to the Standard Model (THl HZl [TB] . Soon after its invention, 
a remarkable theoretical development gave strong support to the model. The work 
by Veltman and 't Hooft, who showed in 1971 that gauge theories are renormaliza- 
ble, even after spontaneous symmetry breaking [121 [101 HH HI] , was fundamental to 
ensure the validity of the model beyond the tree-level approximation. This consis- 
tency check was prior to the experimental support given by the discovery of weak 
neutral currents mediated by the Z boson at CERN. Many other tests were done 
in the subsequent years and the SM passed all the challenges, becoming one of the 
most robust foundations of current physics. 

A full description of the Standard Model and its most important features is 
far from the scope of this thesis. However, in order to introduce properly the 



^ See [4] for selected collection of papers on QED. 
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Tab. 2.1: SM particle content. Hypercharge is defined following the convention Q = I^l + 
Y. Only the first quark and lepton families are presented. 

hierarchy problem a brief review will be presented. For more detailed and complete 
introductions the reader is referred to the well-known book [53] or more recent 
reviews [MHH]- 

The Standard Model is a gauge theory based on the group 5C/(3)c x SU{2)l x 
U{1)y- This already sets the spin 1 particle content, this is, the gauge bosons of 
the model. Since SU{N) has A^^ — 1 generators, 8 gauge bosons are required for 
SU{3)c, the gluons, and 3 for SU{2)l, the W bosons. Finally, the gauge boson for 
the [/(l)y- subgroup is the B boson. 

Fermions must be assigned to irreducible representations of the gauge group. On 
the one hand, the SU{2)l x U{1)y piece describes the weak and electromagnetic 
interactions. The left-handed fermions arc given doublet representations under 
SU{2)l, whereas the right-handed ones are singlets. The observed violation of 
parity is thus explicitly introduced in the theory by making left- and right-handed 
fermions different from the beginning. Note however that, for practical purposes, 
it is convenient to work with the conjugates of the left-handed fermions, which are 
right-handed, instead of the right-handed components themselves. On the other 
hand, the SU{3)c piece is the one responsible for the the strong interactions that 
only quarks feel, and so they are assigned to triplets of this subgroup. 

Finally, it is a well known fact in Yang-Mills theories that mass terms for non- 
singlets representations are forbidden by gauge invariance. Therefore, the symmetry 
must be broken in order to generate masses for fermions and gauge bosons. For this 
purpose a scalar SU{2)l doublet is added. When the so-called Higgs doublet gets 
a vacuum expectation value (VEV) the gauge symmetry is broken to the group 
SU{?>)c X U{1)q, where Q stands for electric charge. This is the observed symmetry 
at low energies. 

In table I^TTI the full particle content of the SM is presented. 

The most general lagrangian for H , the Higgs doublet, invariant under the gauge 
symmetry is 



Cmggs=d,,H^d^'H-V{H^H) 
where the scalar potential V{H^H) is 



(2.1) 
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Fig. 2.1: The well-known SM Higgs potential for two parameter configurations. If A > 
and /i^ < the minimum of the potential lies at {H) ^ 0, leading to the 
spontaneous breaking of the gauge symmetry. Picture thanks to Ian C. Brock and 
taken from his website http://www-zeus.physik.uni-bonn.de/ brock/index. php. 



V{H^H) = fi^H^H + XiH'fHf (2.2) 

The parameters ^ and A determine the vacuum structure and their values are 
crucial for the validity of the model. For example, for the potential to be bounded 
from below one needs the condition A > 0. Moreover, as shown in figure 12.11 if 
/i^ < the minimum of the potential is not at {H) ~ 0, but at 

{H)^( ^\ (2.3) 



V2 



where 



The vacuum expectation value of the Higgs doublet breaks the gauge symmetry 
S'[/(3)cX S'[/(2)l X [/(l)y to 5?7(3)cX [/(1)q, giving masses to the gauge bosons and 
leading to the observed symmetries at low energies. In addition, Yukawa couplings 
between the Higgs doublet and the fermions 

YHfRfL + h.c. (2.5) 

induce Dirac masses for all of them except for the neutrino, due to the lack of a 
right-handed neutrino componen10. 

This is the Higgs mechanism. The spontaneous breaking of the gauge symmetry 
gives masses to gauge bosons and fermions. By writing the neutral component of the 
Higgs doublet as cj/' = {h + v)/\/2, this is, relative to the minimum of the potential, 
one finds that the interactions of the Higgs doublet with the other particles generate 
masses 



* In principle, one can generate Dirac masses for the neutrinos just by adding a right-handed 
neutrino field to the SM. However, this proposal would require tiny neutrino Yukawa couplings 
(Yi, < 10~^^) as needed to explain the smallness of neutrino masses. Such Yukawa parameters, 
much smaller than the other fermion Yukawas, would be theoretically unmotivated, making the 
idea of Dirac neutrinos in the SM unappealing. That is the reason why neutrino masses are usually 
supposed to come from a different origin, as explained in chapter |3] 
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(a) Scalar contribution (b) Fermion contribution 

Fig. 2.2: Feynman diagrams leading to 1-loop corrections to the Higgs boson mass. 

, - (-2 6) 

gauge boson ^ \ ^/ 

Mformion ~ V (2.7) 

In addition, there is one scalar degree of freedom left in the spectrum. The 
neutral scalar /i is a physical state, the so-called Higgs boson, with mass 



nih = V-V (2.8) 

However, no numerical prediction for this mass can be made, since the value of 
fi^ is unknown. In that sense, the Standard Model predicts the existence of a new 
particle, the Higgs boson, but cannot determine its mass. 

So far only the tree-level mass of the Higgs boson has been discussed. To the 
result in equation (j2.8p one has to add radiative corrections coming from the inter- 
actions of the Higgs boson with the rest of particles. 

Let us consider a scalar S with mass ms that couples to the Higgs boson with 
an interaction term of the form — Agji/plS'p. Then the Feynman diagram in figure 



2.2(a) gives a contribution 



By dimensional analysis, this contribution is proportional to to|. If the scalar S 
is a heavy particle, with a mass much above the electroweak scale, such quadratic 
corrections will be much larger than the Higgs boson tree-level mass. 

Let us now consider a Dirac fermion / with mass mf that couples to the Higgs 
boson with a Yukawa interaction term —XfHfPLf + h.c, where Pl = \ ~ 75) is 
the left chirality projector. Then, its contribution to the Higgs boson mass is given 



by diagram 2.2(b) and turns out to be 



where Tr — Tr[{p+mf)PL{p+mf)Pii] ~ 2p^. Using this result for the fermionic 
trace equation (|2.10p splits into 

d^p 1 



(AK),oc-|A,|^y^-^-flog (2.11) 

Where log corresponds to a logarithmic integral that can be absorbed by choos- 
ing the right renormalization scale. Again, there is a quadratically divergent integral 
that is proportional to mj. As we saw for the case of the scalar diagram, if the 
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fcrmion / has a large mass ruf ^ rrih the correction (Am^J^ will be also much 
larger than the tree-level mass. 

The problem appears when we think of the SM as an effective theory, obtained 
at low energies from an extended model that describes physics at higher energies. 
For example, if the SM is to be embedded in a Grand Unification Theory (GUT), 
the corrections to the Higgs boson mass given by the particles at the GUT scale 
are, according to equations (|2.9|) and (|2.f 0[) . proportional to the square of their 
masses. Moreover, new physics is also expected at the Planck scale Mp, at which 
gravity must be described in terms of a new quantum theory. Therefore, when this 
is taken into account one obtains corrections to the Higgs boson mass proportional 
to Mp = (10^^ GcV)^, much larger than its natural value at the electroweak scale. 

This shows that the Higgs boson, and any scalar particle in general, is extremely 
sensitive to the existence of physics at higher energies. With such large quadratic 
corrections it is hard to understand how the mass of the Higgs boson could be 
at the electroweak scale. Unless a very precise conspiracy among the different 
contributions makes them cancel, there is no reason to think that the Higgs boson 
would remain as light as to be part of the spectrum of the SM. This is the famous 
hierarchy problerrO. 

Nevertheless, note that if 

to| ^ mj (2.12) 

and 

A5 = |A/|2 (2.13) 

the scalar and fermion contributions cancel exactly. However, for that to happen 
there must be a reason, a symmetry that relates fermions and bosons. 
That symmetry is Supersymmetry. 

In the following sections the basic concepts of Supersymmetry and the MSSM 
will be introduced. However, a very brief review will be presented, leaving many 
technical details for more complete references. For a rigorous superfield treatment 
it is highly recommended to use the references [27l [28l [29]. On the other hand, 
the well-known reference [30] has a more intuitive approach, highlighting the most 
important phenomenological details of the MSSM and its minimal extensions. Fi- 
nally, the recent text [3T] gives a modern review of our current understanding and 
perspectives. 

2.2 Basic concepts of Supersymmetry 

Supersymmetry is a symmetry that relates bosons and fermions. Although its 
origin is far from the hierarchy problem, the most important consequence of its 
introduction is the technical solution that it offers to this theoretical drawback of 
the SM. 

Supersymmetry has many advantages with respect to non-supersymmetric theo- 
ries. Both from the phenomenological and the purely theoretical sides, motivations 
for Supersymmetry can be found: 

• It solves the hierarchy problem. 

• It helps to understand the mass problem (radiative symmetry breaking). 

^ For a very pedagogical description of the hierarchy problem the reader is referred to the 
introductory review 1261 . 
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• It extends the particle spectrum, introducing new states which can potentiahy 
be dark matter candidates. 

• Minimal models without additional states lead naturally to gauge coupling 
unification at high scales. 

• It extends the symmetries of space-time. 

• Local supersymmetry opens a window to a quantum theory for gravity: su- 
pergravity. 

• Supersymmetric theories have better ultraviolet behavior than non-super- 
symmetrie ones. 

For brevity only the gauge hierarchy problem and how the cancellation of quadratic 
divergencies occurs in SUSY will be discussed in some detail below. For the rest 
the reader can see the well-known literature [171 [2H1 HSl 1301 131] ■ 

These advantages have made supersymmetric theories the object of detailed 
study for the last years, as can be clearly seen in the scientific literature. Many 
proposals for supersymmetric models have been made in order to solve questions 
unanswered in the standard model. From the simplest SUSY extension, the MSSM, 
to more complicated constructions, issues like electroweak symmetry breaking, neu- 
trino masses, flavor structure and grand unification have been addressed with the 
help of Supersymmetry. 



2.2.1 Foundations of Supersynrimetry 

Symmetries play a central role in our current understanding of physics. Not only do 
they have the power to explain the links between different phenomena, but also they 
have been shown to be a fundamental tool to describe the dynamics of a physical 
system. Many examples support this idea and this thesis cannot list them all. 

In particular, symmetries have been used for a long time in the field of particle 
physics. From the pioneering works of Yang and Mills |^ and their subsequent trans- 
formation into our present gauge theories, to their constant use in flavor physics, 
with Gell-Mann's Eightfold way [7| as prominent example, one can find many cases 
that clearly show how important symmetries are in the development of our current 
theories. It is therefore a good strategy to look for higher symmetry principles that 
can provide a connection for phenomena that seem to be unconnected. 

Nowadays, particle physics is built on the theoretical framework of Quantum 
Field Theory (QFT). Having special relativity as one of its constituent pieces, the 
symmetries of spacetime in QFT are encoded in the Poincare group. Under this 
group, coordinates transform as 

Xf, ^ x'i,= A'^x,, + Uf, (2.14) 

where A is a Lorentz transformation and a spacetime translation. The gener- 
ators of these transformations are Af"^, a tensor that includes rotations and boosts, 
and the four- momentum P^. They follow the algebra 



[P^,P''] = (2.15) 

[M'"',P^] = iiP^g"^ ^ P-'g"^) (2.16) 

[M'^'^M^"] = i{M^"'g^'^ + M•'^g^"' - Mf'^g"" - Ar^gf"^) (2.17) 

where g^'' — diag{l, —1, —1, —1) is the Minkowski metric tensor. 
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In order to characterize the irreducible representations one has to find the 
Casimir operators, this is, the operators that commute with all the generators of 
the algebra. A representation will be labeled by the value that these invariant op- 
erators take when they act on them. In the case of the Poincarc group the Casimir 
operators are 



p2 = P^P^ (2.18) 
= W^W^" (2.19) 

The eigenvalues of the operator are known to be the masses of the particles, 
whereas 

= -^e^.A.M'-^P- (2.20) 

is the Pauli-Lubanski operator, whose eigenvalues are related to the spin of the 
particle or, in the case of a massless particle, to its helicity. Therefore, an irreducible 
representation of the Poincare group, what we call particle^ will be characterized by 
its mass and its spin or helicity. 

In the sixties the question arose whether it was possible to extend the Poincare 
group in order to combine it with internal symmetries of the particles in a non-trivial 
way. By internal symmetries we understand symmetry groups that act on internal 
properties of the particles and whose generators are Lorentz scalars. Examples of 
such symmetries are electric charge and isospin. 

An answer to this issue was given by the famous no-go theorem by Coleman 
and Mandula |32j . who showed that the most general symmetry of the S matrix is 
the direct product Poincare ® internal, where these two groups act independently 
in a trivial way. However, the proof contained a loophole, since it only considered 
commutating generators. When one allows for the existence of anticommutating 
generators new possibilities open up, as shown by Haag, Lopuszanski and Sohnius, 
who extended the Coleman-Mandula theorem in 1975 [33] ■ Instead of following 
commutation relations, the fermionic generators (as they are also known in op- 
position to commutating or bosonic generators) follow anticommutation relations. 
Including such operators it is possible to unify the Poincare group with the internal 
symmetries. 

A few years earlier the first works that incorporated fermionic generators |34] 
and supersymmetric field theory [35J [33 [3Z] had already appeared in what can be 
considered the birth of Supersymmetry. The work by Wess and Zumino |37| is 
usually considered the starting point for the study of supersymmetric field theory 
and most of our current formalism is based on their early developments. 

Let us consider fermionic generators Qa and Qq, two components Weyl spinors 
(a,d = 1,2). These operators satisfy the algebra 



{ga,Q/3}-0 (2.21) 

{Od,g^}=0 (2.22) 

{g„,Q^} = 2(a^)„^P^ (2.23) 

where ~ (li"'*) ^-nd cr* are the Pauli matrices. Their commutation relations 
with the usual generators of the Poincarc group are 



[P^,QJ =0 



(2.24) 
(2.25) 
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The resulting symmetry group is the Supcr-Poincare group and the algebra 
followed by its generators is the Super-Poincare algebra. An algebra that ineludes 
fermionic generators is called graded algebra or super-algebra. 

Analogously to the Poincare group one must find the Casimir operators in order 
to characterize the irreducible representations of the group. It is easy to show that, 
after the addition of the new fermionic generators, the vanishing conmutator 

[Q„,p2]^0 (2.26) 

is still obtained. However 

[Qo.,W^]^0 (2.27) 

which shows that the irreducible representations of the SUSY algebra, the 
so-called supermultiplets, must include particles with the same mass, but differ- 
ent spins/helicities. The fermionic generators Qq and Qa transform bosons into 
fermions and vice versa 

Qalfermion) = jboson) , Qdlboson) = jfermion) (2.28) 

Particles in the same supermultiplets are called superpartners. It is easy to 
show that in any supermultiplet the number of bosonic degrees of freedom equals 
the number of fermionic degrees of freedom. 

There are several methods to build supersymmetric lagrangians, this is, la- 
grangians which are invariant under SUSY transformations. The most elegant one 
is based on the superfield formalism [571 UHl US] where all the fields belonging to the 
same supermultiplet are described using one single function defined in superspace. 
However, it is also possible to work with component fields [201 and get the same 
conclusions. In either case, these are the basic ingredients that one has to specify 
in order to build a supersymmetric theory: 

1. Particle content 

The first step is to specify the particles in our model. One has to take into 
account that SUSY implies that for every particle in the spectrum one must add 
another one with the same mass but different spin. Therefore, instead of particles 
one usually speaks of superfields that contain both. Two types of superfields will 
be considered in the following: (1) chiral superfields, which contain a scalar and a 
fermion, and (2) vector superfields, which contain a fermion and a vector boson. 

2. Gauge group 

Next, one has to choose a gauge group and assign gauge charges to the particles 
in the model. 

3. Superpotential 

The non-gauge interactions are introduced in Supersymmetry using a mathemat- 
ical object called superpotential. This is an holomorphic function of the superfields 
and it is how Yukawa couplings are included in the theory. Its general form is highly 
restricted by SUSY. 

4. Soft lagrangian 

Up to now only unbroken SUSY theories have been discussed. As already ex- 
plained, SUSY implies that for every fermion there must be a boson with the same 
mass. That would mean, for example, the existence of a boson with the mass of the 
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electron. However, such particle would have been already discovered. Therefore, if 
Supersymmetry is realized in nature, it cannot be an exact symmetry. It must be 
broken. This way, particles in the same supermultiplet would have different masses 
as needed to account for the non-discovery of the superpartners of the SM fermions. 

The way SUSY is broken is unknown and many mechanisms have been proposed, 
see [55] for a review. In practice, this ignorance is solved by introducing by hand 
new terms in the lagrangian that break SUSY explicitly but preserve the properties 
that motivate it. In particular, these new terms, known as soft SUSY breaking 
terms, do not spoil the solution that SUSY offers for the hierarchy problem. It has 
been rigorously shown |39] that this requirement constrains the possible new terms, 
that can only contain masses for scalars and gauginos, and couplings for the scalars 
of the same type as in the superpotentiaj^. 

With these four ingredients one can build a realistic supersymmetric model. 
The simplest example is the MSSM, the minimal supersymmetric extension of the 
standard model. 

2.2.2 The MSSM 

The Minimal Supersymmetric Standard Model (MSSM) was proposed in the 80s as 
a solution to the hierarchy problem [3D] and since then it has been object of intense 
study. 

In the MSSM, and any SUSY model in general, each SM particle is put in a 
supermultiplet together with its superpartner. This leads to a duplication in the 
number of particles and makes necessary to create a new way to name particles. The 
names of the scalar superpartners are made by adding the prefix 's-'. For example, 
the scalar partners of the leptons are the sleptons. On the other hand, the name 
of the fermion superpartners is obtained by adding the sufix '-ino' to the name of 
the particle. This way, the superpartner of the photon is the photino, whereas the 
superpartner of the Higgs boson is the higgsino. Both for scalars and fermions the 
standard notation for the SM superpartners is given by a tilde added to the symbol 
of the SM particle. For example, the selectron would be written as e. 

The gauge group of the MSSM is the same as in the SM, SU{3)c x SU{2)l x 
U{1)y, and the gauge quantum numbers of the superfields are assigned in the same 
way. In principle one could think of having twice as particles as in the SM, due to 
the SUSY duplication. However, there is an additional detail that further extends 
the spectrum. One Higgs doublet superfield is not sufficient, and a second one has 
to be added. There are two reasons for this: 

• The superpotential has to be holomorphic. That means that it has to be 
written in terms of the superfields, and not their complex conjugates. With 
this restriction, and due to U{1)y gauge invariance, one cannot write Yukawa 
couplings for both up-type and down-type quarks only with a Higgs doublet 
with hypercharge Y = Therefore, one needs to add a second Higgs 
doublet, with hypercharge Y ^ m order to build gauge invariant Yukawa 
couplings for both quark sectors. 

• In the SM the gauge anomalies cancel exactly. However, after extending 
the spectrum to include the new SM superpartners, the higgsino spoils this 
cancellation. The solution is again the addition of a second Higgs doublet 
superfield with the opposite hypercharge, that cancels this new contribution. 

The superpotential of the MSSM is 



^ In general, a term is said to break SUSY softly if it has positive mass dimension. The rest of 
SUSY breaking terms are called hard. 
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Name 


opui U 


spin 1/ z 






Q 




{uL d-L) 


(3,2, i) 


squarks, quarks 








(3 , 1 , -f ) 




d" 




d'h 


(3,l,i) 


sleptons, leptons 


L 


{VL II) 
Ir 


{^L II) 

Ir 


(1,2,-i) 
(1,1,1) 


Higgs, higgsinos 


Hu 


{Hi H^) 
{Hi Hi) 


{H'd Hd) 
{Hi H'J 


(1,2,-i) 
(1,2, i) 



Name 


Spin 1/2 


Spin 1 


SUi3)c, 5C/(2)l, C/(l)y 


bino, B boson 


Vi 




B" 


(1,1,0) 


wino, W bosons 




Wi, W2, W3 


Wu W2, 


(1,3,0) 


gluino, gluon 


V3 


9 


9 


(8,1,0) 



Tab. 2.2: MSSM particle content. Hypercharge is defined following the convention Q = 
J3L + Y. Only the first quark and lepton families are presented. 



^MSSM ^ [Y^^Q-u'.Hi + Yl=Q\d'^H2 + Y^^mH^ - ^iH^Ht] (2.29) 

where i,j = 1, 2, 3 are family indices, a, b — 1,2 are SU{2) indices and €ab is the 
totally antisymmetric Levi-Civita tensor. The F„, Yd and Ye matrices are the usual 
Yukawa couplings while /i is a parameter with dimensions of mass. 

If SUSY was conserved the number of free parameters in the model would be 
smaller than in the SM. However, the introduction of the soft lagrangian changes 
this fact since it contains many new free parameters. Moreover, note that without 
the soft terms it would be impossible to break the electroweak symmetry. In the 
SUSY limit the scalar potential is constrained to be strictly positive, and thus 
spontaneous symmetry breaking cannot be realized. 

The soft SUSY breaking terms of the MSSM are 

+ (m2.)'^"g^e- * + ml^HTHS + m^^HT H^ 

- \^MxB^B^ + ^^NhW^W" + ]^Ah~g'^f + h.c] (2.30) 

where c = 1,2,3 and d ~ 1, . . . , 8. Sometimes the trilinear parameters in equa- 
tion (|2.30p are expanded as T^^ = A^^Y^^ , with a = m, d, e. However, we wiU follow 
the convention of [HI instead. Note that Csojt clearly breaks SUSY, since it 
introduces interaction terms for some fields but not for their supcrpartners. 

The electroweak symmetry is broken when the scalar Higgs doublets Hd and Hu 
get VEVs 
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V2 



(2.31) 



{Hi 



V2 



(2.32) 



and, like in the SM, this mechanism gives masses to the gauge bosons and 
and, due to the Yukawa couphngs, to the quarks and charged leptons. However, 
unhke the SM, there are two important differences 

1. Due to the existence of two complex Higgs doublets we have eight degrees 
of freedom. When the gauge bosons eat three of them to give mass to their 
longitudinal components, five physical states remain in the spectrum. These 
are the neutral h'^, , and the charged . 

2. Higgsinos and SU{2)l x U{1)y gauginos mix after the breaking of the elec- 
troweak symmetry. The neutral higgsinos {H^ and i/°) and the neutral gaug- 
inos {B^ and lead to four mass eigenstates known as neutralinos, X1...4. 
On the other hand, the charged higgsinos {HJ and if+) and the charged winos 

also mix in two mass eigenstates known as charginos, xt2- Squarks, slcp- 
tons and gluinos also mix separately. 

Apart from these novelties, very interesting from the phenomenological point 
of view, supersymmetry offers an important improvement in our understanding of 
electrowcak symmetry breaking. As discussed below, the mechanism of radiative 
symmetry breking is one of its most attractive motivations and is a natural conse- 
quence once the MSSM is embedded in a larger framework with universal conditions 
at the GUT scalcQ. 

Models with many parameters are not predictive. In the case of the MSSM, 
the large number of arbitrary parameters that appear in the soft lagrangian ()2.30p 
makes it hard to give numerical predictions for observable^. From a practical point 
of view, it would be necessary to reduce the number of parameters by making some 
assumptions on the way supersymmetry gets broken. In fact, if the SUSY breaking 
mechanism was known, all the soft parameters would be linked to a few, the ones 
that describe the dynamics of the sector that breaks SUSY. However, if the soft 
parameters are totally free, the high dimensional parameter space will be extremely 
difficult to analyze. 

Therefore, it is common to assume some SUSY breaking scenarios. Without 
specifying the complete theory that breaks SUSY one can describe its effects by 
imposing some universal conditions to the soft parameters at some high energy 
scale where SUSY gets broken. These conditions clearly reduce the number of 
parameters. Then, with the embedding of the MSSM in a more general framework 
one can use the renormalization group equations (RGBs) of the MSSM to obtain 
the resulting values of these soft parameters at the electroweak scale. 

Moreover, these universal conditions are also motivated by two well-known pro- 
blems of the MSSM: the SUSY flavor problem and the SUSY CP problem. The 
values of the soft parameters at the SUSY scale are strongly constrained due to their 
contributions to flavor-changing and CP violating processes. For example, the off- 
diagonal element (m^c) 12 contributes to the lepton flavor violating decay fj, — >■ 67, 
whose branching ratio is bounded to be below 1.2 x 10~^^ by the MEGA experi- 
ment [331 m] ■ By assuming flavor and CP blind conditions for the soft parameters 

^ Another key ingrediente for radiative symmetry breaking is a large top quark mass, which is 
in fact the case as measured by the Tevatron coUider. 

* There are some exceptions, however, like the mass of the lightest Higgs boson, /i", which can 
be predicted in supersymmetry due to the constrained form of the scalar potential. 
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at some high scale, the resulting flavor off-diagonal entries and CP violating phases 
at the SUSY scale are strongly suppressed, leading to low rates for the dangerous 
processes. 

One of the most popular scenarios is the cMSSM (constrained MSSM), also 
known as mSUGRA (minimal SUperGRAvityjl. The breaking of SUSY is due to 
gravitational effects. These conditions are imposed at the GUT scale: 



"^Q = ^l-^ = =^1= m% = ™oI (2-33) 

™L = = ml (2.34) 

Ml = A/2 = Ah = Ml/2 (2.35) 

Tu - AqYu , Td - A^Yd , ^ A^Y, (2.36) 

where I is the identity in family space. Then one is left with the following free 
parameters: a universal gaugino mass (M1/2), a universal scalar mass (mo), the 
trilinear coupling ^0 and, since they are not embedded in this framework, the fj. 
and parameters. 

The fi and parameters belong to the Higgs sector of the MSSM and thus can 
be linked to the VEVs Vd and Vu through the minimization conditions. The MSSM 
tadpole equations are 



^]i^ + \^Ji\^ - B^,is.nl3 + ^cos2l3 = (2.37) 



9 

■mi 



"^k + ImI^ - -B^cot/?- -^cos2/3 (2.38) 
where 



tan/3=— (2.39) 

Vd 

is the ratio between the VEVs of the Higgs doublets. 

A comment concerning the /i parameter must be made here. As shown in the 
tadpole equations, its interplay with the rest of the parameters in the Higgs sec- 
tor determines the vacuum structure of the theory. Therefore, the value of the ji 
parameter must lie around the electroweak scale. Otherwise, equations (|2.37p and 
(|2.38|) would need to be fine-tuned in order to cancel the different contributions and 
lead to the correct symmetry breaking, with Vd and at the electroweak scale. 
On the other hand, the ^ term in the superpotential is a supersymmetry conserv- 
ing term and thus it is expected to lie at the GUT scale or beyond. In that case 
one would need an extreme fine-tuning for electroweak symmetry breaking to work. 
This discrepancy between the phenomenologically required value and the theoreti- 
cal expectation is known as the /x-problem }46j . Several solutions to this naturalness 
problem of the MSSM have been proposed and one of them will be discussed in this 
thesis. 

From equations (|2.37p and (|2.38p it is clear that one can exchange /i and B^ for 
tan /?, since for any value of this ratio one can solve them to find the appropriate 
values for jj, and i?^ that lead to the minimum of the scalar potential. Note however 
that the sign of /i is not determined and thus is left as a free parameter. Therefore, 
the mSUGRA parameter space is described by mp, M1/2, Aq, tan/3 and sign{fi). 

^ In the following we will use the names mSUGRA and cMSSM as synonyms, although this is 
not totally correct. In fact, minimal supergravity models lead to a more contrained SUSY breaking 
scenario than what will be considered here. However, due to the usual naming in the literature, 
both names will be used in this thesis without making a distinction. See | 45| for some comments 
on this issue. 
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Fig. 2.3: Yukawa and 4-point scalar interactions obtained from a superpotential term 

yfHhfR- 



In addition to making the model much more predictive, the MSSM embedding in 
this framework leads to an additional consequence concerning electroweak symmetry 
breaking. By inspection of the potential one can find some conditions that must 
be fulfilled by the parameters in the Higgs sector. These come from demanding a 
potential bounded from below and the non-stability of the trivial minimum with 
Vd ~ Vu = 0. The resulting conditions are 



iB,r > + + ImH (2.40) 

\B^\ < 2\fi\'+mj,^+mj,^ (2.41) 

In order for these inequalities to make sense the soft SUSY breaking parameters 
are expected to be close to the EW scale. Otherwise very large cancellations are 
required. As will be shown below, this is also needed to provide a technical solution 
to the hierarchy problem. 

Note that equations (j2.40p and (j2.41[) cannot be satisfied simultaneously if 
rnjj ~ m?H^, ; equality that holds at the GUT scale due to the mSUGRA universal 
conditions. However, these two parameters evolve differently in their RGE running 
from the GUT scale. In fact, the large contributions given by the top Yukawa, 
present for but not for , naturally imply a negative value for , al- 

lowing for the spontaneous breaking of the EW symmetry. In conclusion, the EW 
symmetry is broken by radiative effects, in the so-called Radiative EW symmetry 
breaking mechanism, another interesting property of supersymmctric models. 



2.2.3 Supersymmetry and the hierarchy problem 

After this brief introduction let us consider the main motivation for supersymmetry: 
the solution to the hierarchy problem |40j . The Yukawa interaction in diagram 



2.3(a) and the scalar 4-point interaction in diagram 2.3(b) are obtained from the 
same superpotential term. With this common origin, imposed by SUSY, it is clear 
that a cancellation is likely to happen. In fact, if we consider the top quark and the 
corresponding scalar top, the so-called stop, and their contributions to the Higgs 
boson mass, we get the diagrams in figure Here ti and t2 are the resulting mass 
eigenstates induced by and mixing. When the electroweak symmetry gets 
broken by the Higgs VEV these chiral states mix leading to two mass eigenstates 
ti and t2. 

Note that both diagrams in figure 12.41 share the same coupling, following the 
condition (|2.13p . necessary for cancellation. This is a direct consequence of SUSY, 
not spoiled by the fact that it is broken softly. 

In addition, after electroweak symmetry breaking the Feynman diagram in figure 
12.51 appears. However, this contribution gives a correction proportional to 
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(a) (b) 
Fig. 2.4: Top-Stop 1-loop corrections to the Higgs boson mass in the MSSM. 
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Fig. 2.5: Top-Stop 1-loop corrections to the Higgs boson mass in the MSSM. This diagram 
only appears after electroweak symmetry breaking. 



d'^p 1 r d^p 

{2ttY {p^ — m'~ ){p'^ — vni ) J p^ 



(2.42) 



which is logarithmic and thus does not contribute to the dangerous quadratic 
divergences. 

Summing up all contributions one can calculate the 1-loop correction to the 
Higgs boson mass. In the SUSY limit, with Csoft = 0, one gets a total cancellation. 
If the soft breaking terms are switched on this cancellation is not exact anymore, 
but a correction to the mass of the Higgs boson is obtained [JTl HSl SHI HOI IS] • An 
explicit calculation gives the leading order result 

Ami « Y.^mf In [-^^) (2-43) 
Three comments are in order: 

• If mt = ?Ti(^ = TOj^ the correction vanishes. This is, as explained, what is 
obtained with unbroken SUSY. 

• The correction is logarithmic. No quadratic divergence appears. 

• Without this correction the MSSM would be ruled out. It can be easily shown 
that the tree-level scalar potential of the MSSM predicts a very light Higgs 
boson, mh < tozcos(2/3), ruled out by LEP data. This tree-level bound is 
due to the fact that the quartic coupling of the Higgs boson in the MSSM 
is not free, but originates from gauge interactions, directly connected to the 
gauge bosons masses. With the top-stop contribution, the 1-loop corrected 
Higgs boson mass evades the LEP bound making the MSSM a viable model. 



From the previous discussion it is clear that the soft SUSY breaking parameters 
must have values close to the electroweak scale. This was already shown when 
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Fig. 2.6: The squarks could mediate a disastrous fast proton decay if both A' and A" are 
present simultaneously. 

the tadpole equations of the MSSM were discussed (see eqs. (|2.40p and (|2.41[) ). 
Now, another indication has been presented. If the SUSY scale, this is, the scale at 
which the soft parameters lie, is much higher than the electrowcak scale, the 1-loop 
corrections to the Higgs boson mass will be large, and a small fine-tuning will be 
required. These two arguments point to the same direction: the SUSY scale cannot 
be very far away from the energy scales under current exploration. 

In conclusion, if the soft parameters have values close to the electroweak scale 
the correction to the Higgs mass are under control. Only logarithmic corrections 
are obtained and the Higgs boson mass remains naturally at the electroweak scale. 
This is the supersymmetric solution to the hierarchy problem. 

2.3 R-parity 

The superpotential (|2.29|) is not the most general renormalizable superpotential 
that is compatible with SUSY and gauge invariance. It is actually possible to add 
new terms, leading to 

W = y[/'^'SSM ^ yyfij, (2.44) 

where 

/ (2.45) 

The first three terms in W^'p break lepton number (L) whereas the last one 
breaks baryon number (B). The presence of these new couplings is not welcome, 
since there is no evidence so far for any physical process that breaks B or L. The 
strongest restriction comes from the non-observation of proton decay, that would 
break both B and L. If the A' and A" couplings were simultaneously present the 
life time of the proton would be extremely short unless they are extremely tiny 
[SH [531 ISH EH [Sni [ST] . For example, Feynman diagramms like the one in figure 12.61 
contribute to proton decay. A simple estimate based on dimensional analysis gives 

i=2,3 di 

If A' y A" are of order 1 and the squarks have masses around the TeV, this 
equation would be translated into a life time of a fraction of a second. This phe- 
nomenological disaster is solved in the MSSM by introducing a new symmetry by 
hand that forbids the terms in W^p . This symmetry is known as R-parity [SSI [53] . 
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The R-parity of a particle is defined as 

Rp = (_i)3(B-i)+2s (2.47) 

where s is the spin of the particle. It is easy to check that all SM particles 
have Rp = +1 while their supartners have Rp = — 1 (in the following particles with 
Rp = —1 will be called superparticles). It is straightforward to verify that all terms 
in (j2.45p break R-parity. The MSSM is defined as R-parity conserving. 

This phenomenological requirement can be seen as a step back from the SM, 
where this problem does not exist, since all the allowed renormalizable interactions 
preserve both B and L. However, as discussed below in this thesis, R-parity can 
be motivated as a remaining symmetry of a larger group, broken at higher energy 
scales leading to the MSSM. Nevertheless, the conservation of R-parity has very 
important implications: 

• The Lightest Supersymmetric Particle (LSP) is stable. If it is electrically 
neutral and it has no color, it would only interact weakly, being a good dark 
matter candidate. 

• Superparticles are produced in pairs at colliders. 

• Every supcrparticle, apart from the LSP, decays into a final state with an odd 
number of LSPs. Since they are stable and escape detection at colliders, this 
is seen as a missing energy signal. 

With these advantages, R-parity is a very practical assumption, made by most 
of the theoretical studies based on supersymmetry. 

2.3.1 R-parity violation 

R-parity is a central element in the MSSM. Its conservation is imposed to forbid the 
highly constrained lepton and baryon number violating interactions. In addition, 
it provides a dark matter candidate, opening the way to the solution to one of the 
major problems in modern cosmology. 

However, no robust theoretical argument supports R-parity and its violation is 
an interesting alternative that offers many changes with respect to the standard 
picturJ^. In particular, in this thesis R-parity violation fi,p has been explored in 
connection with neutrino masses, since the violation of lepton number automatically 
leads to masses for the neutrinos. 

This is easy to understand. The fi,p superpotential term eiLiHu mixes neutri- 
nos with neutral higgsinos, which have Majorana masses coming from the MSSM 
couplings. This way, by choosing a small e mixing term neutrinos get masses in 
the proper range. This is a simple realization of the seesaw mechanism at the 
EW/SUSY scale. 

A comment should be made here about proton decay. As shown a few lines 
above, both L and B violations are needed for the proton to decay. Therefore, if 
one relaxes R-parity conservation to B conservation (or any other symmetry that 
allows for L violation) neutrino masses arc generated while the proton is still stable. 

If R-parity is broken, collider phenomenology will be completely different. In 
particular, in fip SUSY the LSP is no longer stable and decays to final states con- 
taining SM particles. This changes all the standard strategies for SUSY searches, 
focused on final states with missing energy. There are important implications in 
cosmology as well. The standard LSP dark matter candidate is lost. Neverthe- 
less, other theoretical possibilities are available and an explanation for the observed 



See | 60| for a detailed review on R-parity violation. 



2. Supersymmetry 



20 



amount of dark matter is still possible. Well studied examples are the gravitino 
[BTJ [521 [S3] , the axion [B31[5S] and its supersymmetric partner, the axino [551 167j . 

The main advantage of R-parity violating neutrino mass models with respect to 
R-parity conserving ones is their clear predictions for colliders. As will be shown 
along the lines of this thesis, LSP decays are closely linked to the flavor structure 
in the neutrino sector, allowing for precise predictions at colliders. This makes 
fip neutrino mass models one of the very few examples where colliders can really 
tell us about the origin of neutrino masses, in opposition to the standard SUSY 
seesaw framework that can only be tested indirectly in some particular scenario^"]. 

Finally, the constraints coming from the non-observation of L or B violating 
processes imply that fi,p couplings must be small [501 [55]. Therefore, if one allows 
for fi,p , model building is required if one wants to explain the smallness of the new 
couplings. This is another important issue related to flp that will be considered in 
this thesis. 

In conclusion, two approaches are considered in this thesis concerning the role 
of R-parity: 

• R-parity violation: If R-parity is not conserved, how is it broken? And how 
can we probe it? What arc the signals at the LHC? What is the connection 
to neutrino masses? 

• R-parity conservation: If R-parity is a good symmetry at the EW/SUSY scale, 
what is the mechanism behind? How does the neutrino get a mass and how 
can we test it? 

These are the two main lines of research that will be further explained in the 
following chapters of this thesis. 



The non-SUSY seesaw mechanism does even worse, and neither direct nor indirect tests are 
known. The large mass of the right-handed neutrinos, or the heavy fields in other realizations, 
makes impossible any chance to produce them at colliders. As we will see, SUSY seesaw models 
have an advantage, with additional phenomenology due to the flavor information hidden in the 
slepton sector. 



3. NEUTRINO MASS MODELS 



Since the invention of the Standard Model and its subsequent development no ex- 
perimental result challenged its foundations. This agreement between theory and 
experiment, obtained even in high precision measurements, established the Stan- 
dard Model as a good description of all the known phenomena in particle physics. 
However, the discovery of neutrino oscillations in the late 90s was the first clear 
evidence for physics beyond the Standard Model, and pointed to the necessity of an 
extension in the leptonic sector that can account for neutrino masses. In this chapter 
several neutrino mass models will be reviewed, emphasizing their most important 
properties and how they are related to the present thesis. 

3.1 Current experimental situation 

Based on the fact that neutrinos were always observed to be left-handed, as opposed 
to the other fermions that could be found with both chiralities, and because no 
experimental result pointed to a non-zero neutrino mass, the fathers of the Standard 
Model decided not to add right-handed neutrinos to the particle spectrum. 

Without right-handed neutrinos it is not possible to write down a Yukawa term 
that can lead to Dirac masses for neutrinos. Therefore, neutrinos are massless in 
the Standard Model. This statement is valid at any order in perturbation theory 
due to the underlying U{1)b-l symmetry. 

However, this simplistic choice was shown to be wrong after the establishment 
of neutrino oscillations as the mechanism behind the observed neutrino deficits. For 
many years, different experiments showed a clear difference between the neutrinos 
that were detected and the theoretical expectations. This is nowadays understood 
in terms of neutrino flavor oscillations, a mechanism that implies that neutrinos 
must be massive. 

Let us begin with a short review of the experimental situation. 

3.1.1 Neutrino deficits 

The Sun produces neutrinos in the nuclear reactions that continuously occur in its 
interior. These neutrinos escape in all directions, some of them reaching the Earth 
and our detectors. With a precise knowledge of the solar evolution and structure 
one can determine the neutrino flux on Earth and the number of neutrinos that are 
expected to be detected by a given experiment. 

For many years, several experiments have been accumulating data on solar 
neutrinos. To name a few, Homestake [Ml IZOl IZJ, SAGE [H [TS], GALLEX- 
GNO [71 [751 [75], Kamiokande [77], Super-Kamiokande [751 [73 [501 [SB and SNO 
[82l l83l l84l [85] are experiments designed to detect solar neutrinos and measure their 
properties. These collaborations were able to determine solar neutrino fluxes that 
one can compare with the theoretical expectation. 

However, all the experiments detected less neutrinos than predicted by the Stan- 
dard Solar Model (SSM) [551 iZl [SSI [ESI ISOl [HIl ■ This theoretical model has suc- 
cessfully passed the observational tests along the years and is considered a robust 
description of the processes inside the sun. However, it fails to predict the number 
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of neutrinos detected on Earth, which is reduced by 30 — 60%. This discrepancy is 
known as the solar neutrino problem. 

Furthermore, neutrinos are also produced in the atmosphere. When a cosmic 
ray hits an air molecule in the higher parts of the atmosphere, a particle shower is 
produced, including some neutrinos that travel towards the Earth, where detectors 
are placed underground to measure their properties. Theoretical predictions for the 
atmospheric neutrino fluxes and the expected event rates at different experiments 
can be obtained by estimating the primary cosmic ray flux, something that has been 
done with increasing accuracy along the years |92j |93l [94] . 

In fact, one can take advantage of the capability of the experiments to distinguish 
between electron and muon neutrinos. The main neutrino production mechanism 
is charged pion decay, which has a branching ratio close to 100% into the channel 

mi 

This is followed by the standard muon decay 

and thus one expects two muon neutrinos for each electron neutrino 

As in the case of the solar neutrinos, several experiments have detected the 
neutrinos produced in the atmosphere. Frejus 1MB [HI], NUSEX [57] and 
Kamiokande [551 HH IZZ] are examples of such experimental setups, sensitive to this 
type of neutrinos. And again, as for solar neutrinos, a deficit with respect to the 
theoretical expection has been observed. The measured ratio i?e^t was about 0.6 
times the predicted value, showing a clear deficit of muon neutrinos. This anomaly 
is known as the atmospheric neutrino problem. 

For many years, these two anomalies stimulated the imagination of theoreticians, 
who invented several mechanisms to explain the observed deficits. Non-standard 
neutrino interactions [Ml IIHS], decaying neutrinos [Ml [Ml [Ml [Ml 
[Ml [Toning, spin fiavor precession [TTIl [IH [Il3] , neutrino decoherence [1141 [TT5] 
or violation of Lorentz invariance |1161 1117] were theoretical ideas that appeared in 
the community to address the neutrino anomalies. However, as the accuracy in the 
experiments increased all these hypothesis were discarded as the main contribution 
to the phenomenon, in favor of neutrino oscillations, nowadays established as the 
main mechanism behind these observations. 



3.1.2 The neutrino oscillation mechanism 

Neutrino oscillations were first discussed by Bruno Pontecorvo in 1957 |118[ 1119] . 
However, these first references concentrate on neutrino-antineutrino oscillations. 
Ten years later, Pontecorvo was again the first to discuss neutrino flavor oscillations 
[120] ■ in an important pioneering paper that opened up a rich field in particle 
physics. 

If neutrinos are massive their fiavor changes while they propagate. As a conse- 
quence, a neutrino which is originally produced as electron neutrino can be detected 
as muon or tau neutrino. This oscillating effect explains the deficits found in solar 
and atmospheric neutrino experiments. 

Neutrinos are produced by charged current weak interactions as fiavor eigen- 
states j/q. = {ve,v^,Vt). If they are massive, the mass eigenstates Vi = (z^i, 1^2, 1'a) 
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will be in principle different. These two basis are connected by a unitary matrix U, 
defined as 

K) - KM) (3.2) 

U is known nowadays as Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix 
and is the analog of the Cabibbo-Kobayashi-Maskawa (CKM) matrix that describes 
the mixing in the quark sector. 

The mismatch between these two basis leads to flavor oscillations in the neutrino 
propagation. This is because, although the production mechanism is flavor diagonal, 
the quantum mechanical evolution is mass diagonal. Given the state |Mi(<o)) at time 
to, one can compute the resulting state at a later time t as 

|j.,(i)) =e^^.(*-*o)|i.,(io)) (3.3) 

where Ef ~ + mf. Then, by projecting both mass eigenstates into the flavor 
basis one can easily compute the probability of a flavor eigenstate Va oscillating into 
the flavor eigenstate z^^: 



P(z.„ -^iyp)^Y. KkU^kK.U;^ exp (3.4) 



where L t — for ultrarelativistic neutrinos and Am^^- = — . 

Some additional assumptions have been made in this derivation. The interested 
reader can find good references in the scientific literature, where these details are 
discussed and neutrino oscillations are treated using more robust theoretical tools 

In particular, equation p.4p is lacking matter effects. If neutrinos oscillate in 
matter, the picture can change drastically, leading to very different results. In fact, 
the so-called Mikheyev-Smirnov-Wolfenstein (MSW) effect |127l llOOj . a resonant 
process that enhances the transition probability inside the Sun, is fundamental for 
our understanding of the solar neutrino fluxes and without it the oscillation solution 
to the solar neutrino problem would not work. 

Note that equation p.4p implies that neutrino oscillations are not sensitive to 
the absolute value of neutrino masses, but only to their squared mass differences 
Am^. As will be discussed below, a different type of experiments is needed in order 
to measure the absolute scale of neutrino masses. 

As the precision in neutrino physics experiments increased, the oscillation solu- 
tion to the solar and atmospheric neutrino problems got established. In addition 
to the discussed experiments, new reactor and accelerator experiments gave strong 
support for the interpretation in terms of flavor oscillation, ruling out other theo- 
retical explanations [T28l fT29l [T30] . 

Neutrino oscillation experiments have demonstrated that at least two neutrinos 
have non-zero mass [SH I131[ 1132] . Especially remarkable is that data from both 
atmospheric neutrino |133| and from reactor neutrino measurements [128j now show 
the characteristic LjE dependence expected from oscillations, see equation p.4p . 
ruling out or seriously disfavouring other explanations of the observed neutrino 
deficits. 

It is fair to say that with the most recent data by the KamLAND |128| . Super- 
Kamiokande |129j and MINOS collaborations |130| neutrino physics has finally en- 
tered the precision era. In fact, global fits to the available experimental data allow 
to determine the involved parameters with good accuracy. This way, one can set 
important constraints on the fiavor structure of many neutrino mass models. 

For the case of three neutrinos the 3x3 PMNS mixing matrix can be parametrized 

as [m] 
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Parameter 


Best fit 


2cr 


3cr 


Am^i [lO-^eV^] 
lAmiil [lO-^eV^] 
sin^ 6*12 
sin^ 6*23 

Sill^ 


7 50+0-23 
' ■^='-0.18 

2.40t°:- 

U.UiO_Q QQg 


7.22-8.03 
2.18-2.64 
0.29-0.36 
0.39-0.63 
< 0.039 


7.02-8.27 
2.07-2.75 
0.27-0.38 
0.36-0.67 
< 0.053 



Tab. 3.1: Best-fit values with 1 a errors, and 2 a and 3 a intervals for the three-fiavor 
neutrino oscillation parameters from global data. Table taken from reference 
|135) . which is continuosly being updated online with the inclusion of new data. 



U = ILJ23'^13'^12 (3.5) 

where LOij are effective 2x2 unitary matrices characterized by an angle and a 
CP phase. For example 

cos 6*12 e'-^i^ sin 6*12 \ 

cos6li2 (3.6) 
1/ 

Expanding the product in equation (j3.5p and neglecting the CP violating phases, 
one obtains 

C13C12 S12C13 
U = I -S12C23 - S23S13C12 C23C12 - S23S13S12 S23C13 I (3.7) 
S23S12 - S13C23C12 -S23C12 - S13S12C23 




where Cij = cos 0ij and Sij = sin^^ . In addition to these three mixing angles, 
neutrino oscillations are sensitive to two squared mass differences, Arn^i, responsi- 
ble for solar neutrino oscillations, and Arrigj^, responsible for atmospheric neutrino 
oscillations. 

After parametrizing the PMNS matrix one can compare the resulting mixing 
angles and squared mass differences with the available experimental data. Table 
13.11 shows the best-fit values, and the corresponding 1 a errors, and 2 a and 3 a 
intervals, for the three- flavor neutrino oscillation parameters from global data [135j . 
Three comments are in order: 

• There is a clear hierarchy between the mass scales responsible for solar and 
atmospheric oscillations. 

• The atmospheric angle, ^23 is compatible with maximal mixing, whereas the 
solar angle, 6*12 is large as well. 

• The so-called reactor angle, ^13, is very small and compatible with zero. In 
fact, it was only very recently that a slight preference for ^13 ^ was found 
[HHllT^fnT] . 

This data is to be explained by any neutrino mass modef^. 



^ The discussion has been focused on an interpretation of the data based on 3 flavor neutrino 
oscillations. However, some recent experimental results might point towards a more complicated 
picture. The LSND experiment I138| reported a signal for a third mass difference in antineutrino 
oscillations. This would imply the existence of, at least, a fourth sterile neutrino, which does not 
have weak interactions but mixes with the active neutrinos. More recently, MiniBooNE 113911140] 
11411 also found an anomaly, not compatible with 3 flavor neutrino oscillations, adding supporting 
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3.1.3 The absolute scale of neutrino masses 

In the last section we saw that neutrino osciUations are not sensitive to the absolute 
value of neutrino masses, but only to the squared mass differences. Therefore, 
although we know that it cannot be zero, we cannot get m^, from the experiments 
discussed above. 

There are three main experimental/observational sources of information on the 
absolute scale of neutrino masses. 

• Tritium beta decay experiments 

As Fermi pointed out in 1934, the shape of the electron spectrum near the 
endpoint is very sensitive to the scale of neutrino masses [S] . Several experiments 
have applied this idea using tritium {^H) as decaying nucleus. This is because the 
decay 

is specially favorable, since it is a super-allowed nuclear transition with a low 
Q-value. Examples of such experimental setups are the Mainz jl42) and Troitsk 
|143| experiments, which arc sensitive to the effective electron neutrino mass [144] 



^|C/e,:Pmf (3.8) 

i=l 

and have reported the result |1451 1146] 

< 2.2eV(95%c./.) (3.9) 

In the near future, the KATRIN experiment |147j will start its operation, with 
an expected sensitivity of 0.2 eV after five years of data taking. See references 
[1481 11491 1150] for reviews on beta decay experiments designed to measure neutrino 
masses. 

• Neutrinolcss double beta decay experiments 

Another type of experiment searching for the absolute scale of neutrino masses is 
neutrinolcss double beta decay (0i/2/?). These are lepton number violating processes 
of the type 

N{A, Z) ^ N{A, Z ± 2) + e=F + e=F 

without emission of neutrinos. This signal, only possible if neutrinos are Majo- 
rana particles jl511 1152] , would allow to measure the combination 

3 

'^l3P=^Ulim, (3.10) 
i=i 

The current experimental situation is controversial. A possible indication of 
0i/2/3 in ''^Ge decays was obtained by the authors of reference [153] . who reported 
the following limits for the half-life of the process 

T^U^^'Ge) = (0.69 - 4.18) x lO^^y (3(t) (3.11) 




evidence in favor of tlie sterile neutrino hypothesis. Nevertheless, more experimental input from 
other collaborations is required in order to confirm these results and thus they will not be taken 
into account in this thesis. 
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However, this result has not been confirmed by other experiments. The most 
stringent bound on the half-hfe for ''^Ge comes from the Heidelberg-Moscow exper- 
iment |154j 

T^J^C^Ge) > 1.9 X lO^^y (90%c.L) (3.12) 
whereas the IGEX experiment |155j obtained a similar lower bound 

T^J^C^Ge) > 1.57 X lO^^y (90%c./.) (3.13) 

Hopefully the issue will be clarified in the near future, since the experiments 
GERDA [T^, CUORE [HT] and EXO [Hg have expected sensitivities that allow 
to check the positive signal claimed in [153j . 

The extraction of m/j^ from an eventual positive signal would have a large the- 
oretical error due to the uncertanties in the computation of the nuclear matrix 
elements |1591 1160] . Nevertheless, the detection of neutrinoless double beta decay 
would represent the discovery of a new type of particle, a Majorana particle, and 
therefore it would be of great relevance even if the extracted effective neutrino mass 
cannot be measured with high accuracy. 

Applying the bound from the Heidelberg-Moscow collaboration, see equation 
(j3.12p . and taking into account the uncertanties in the nuclear matrix elements 
[160] ■ one obtains |150) 

< 0.3 - 0.6 cV (3.14) 

which is slightly better than the bound obtained with tritium beta decay exper- 
iments. 

• Cosmology 

Cosmology sets important constraints on the absolute scale of neutrino masses. 
In fact, the most stringent bounds can be obtained from cosmological observables. 
In this case the quantity that is constrained is the sum of neutrino masses which, 
depending on the cosmological data set that is used, is bounded as |161j 

3 

^m, < 0.3 - l.OeV (3.15) 

The way neutrino masses are constrained by cosmology is easy to understand. 
If neutrinos have masses of the order of the eV they would constitute a hot dark 
matter component of the universe. As it is well known, see for example |162j . this 
type of dark matter suppresses the formation of structures at small scales of the 
order of 1 — 10 Mpc. Therefore, by studying density fluctuations in the CMB and 
the Large Scale Structure distribution of galaxies, one can put strong bounds on 
the sum of neutrino masses as in equation (|3.15p . 

For more details on the subject see the review [161| . 

In the following sections several neutrino mass models will be discussed. Very 
detailed reviews on this subject exist in the literature, see for example |163l 11641 

nmnm\w7\ . 

3.2 Dirac neutrinos 

The simplest way to introduce neutrino masses in the Standard Model is to follow 
the same approach as for the rest of the fermions. The addition of three families of 
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right-handed neutrinos, singlets under the SM gauge group, and the corresponding 
Yukawa couphngs 

-Cy = Y^HLvR + h.c. (3.16) 

leads to neutrino Dirac masses m^i = Y^j (H) after electroweak symmetry break- 
ing. Here Yiy is a 3 x 3 matrix. Since (H) ^ 100 GeV and the absolute scale for 
neutrino masses is known to be below 1 eV, the entries in must be below 10~^^. 

Note that the right-handed neutrinos, being gauge singlets, only couple to the 
rest of particles through the Y^, coupling. They do not have gauge interactions and 
there is no way to write down another gauge invariant operator involving the 
field. 

Therefore, if Y^ < 10^^^ as demanded by current data, the right-handed neu- 
trinos couple very weakly to the rest of matter, suppressing their production cross 
section at colliders. Moreover, with such small couplings their contributions to 
other processes are negligible. In conclusion, the introduction of Dirac masses in 
the standard model does not lead to any phenomenological consequence, due to the 
smallness of the neutrino Yukawa couplings. 

Supersymmetry offers additional ingredients. This is due to the fact that the 
right-handed neutrino comes together with its scalar partner, the right-handed sneu- 
trino vr. In general, the soft term TyHLvR induces vl — vr mixing after electroweak 
symmetry breaking. However, if this trilinear coupling is small, for example due to 
the assumption T^, = A^Y^, the right-handed sneutrino will be a pure state with 
very weak couplings. With these properties, it is a potential dark matter candidate 
PH1IT691 . 

Concerning collider phenomenology, this scenario has a novelty with respect to 
the non-supersymmetric case. If the right-handed sneutrino is the LSP and R-parity 
is conserved, all decay chains at colliders will end up producing a pair of them, even 
though it couples very weakly to the rest of particles. However, the smallness of 
the Yukawa couplings implies that the NLSP, whatever character it has, will have 
a long decay length, possibly measurable at LHC [170j . In conclusion, the MSSM 
with Dirac neutrinos has some testable signatures, as opposed to the non-SUSY 
case. 

The previous discussion assumes that neutrino masses have the same origin 
as the other fermion masses. This, however, would imply a naturalness problem. 
Figure 13.11 shows the masses of the known fundamental particles [44] . For the 
neutrino, the conservative upper bound — 1 eV is used and only one generation 
is represented. Note the huge difference between the upper bound for the neutrino 
mass and the masses of the other particles. This can be hardly understood if they 
share a common source. In fact, this picture suggests that neutrino masses come 
from a different origin, with an underlying mechanism that can explain why they lie 
much below the electroweak scale. This will be the subject of the following sections. 

3.3 Major ana neutrinos 

In the previous section we discussed Dirac neutrinos. They can be easily introduced 
in the Standard Model, although they lead to very small couplings, with the sub- 
sequent difficulties to explore their phenomenology. A different alternative will be 
discussed in the following: Majorana neutrinos. 

3.3.1 Theory of Majorana neutrinos 

The question whether neutrinos are their own antiparticle has no answer yet. For 
charged particles there would be no doubt, since charge, electric or other type, can 
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Fig. 3.1: Masses of the known fundamental particles. For the neutrino, the conservative 
upper bound mi, = 1 eV is used and only one generation is represented. Leptons 
are drawn in blue, quarks in red and massive gauge bosons in green. The massless 
gauge bosons, photon and giuon, are not included in the plot. 



be used to distinguish between the particle and the antiparticle. For example, the 
trajectory of electrons and positrons in a magnetic field is different. However, for 
neutrinos, this distintion cannot be applied and the question remains. 

From the theoretical point of view, this has to do with the type of spinor used 
to describe the neutrino. In the previous section we used Dirac spinors, with four 
independent complex components. A mass term is built as 

- = ruDVLVR + h.c. = rnovv (3.17) 

with 

vl^Pl^ yR ^Pr^ (3.18) 

where Pl,r = |(1 T 75) are the chirality projectors. In the Weyl basisH for the 
Dirac matrices one has 




(3.19) 



I2 being the 2x2 identity matrix. Then, if the 4-component Dirac spinor v is 
written as 




(3.20) 



where x and 4> are 2-component Wcyl spinors and a2 is a Pauli matrix, intro- 
duced just for convenience, one obtains 

^ The Weyl basis is also known as chiral basis in some textbooks. 
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Now one can apply charge conjugation to Its charge conjugate state is 

- - -7^°^^ = ( ) (3.22) 

The Weyl spinors x ^-nd <j) get exchanged after applying charge conjugation. As 
a consequence of that v ^ v'^ and we conclude that Dirac fermions are not their 
own antiparticles. 

However, the simplest fermionic representation of the Lorentz group is not a 
Dirac fermion. This has been known for many years since Majorana proposed a 
new type of neutrinos |171j . now called Majorana neutrinos. Equation (j3.20p shows 
that a Dirac fermion is given in terms of four independent complex quantities. 
However, as will be shown below, one can build Lorentz invariant theories with 
spinors that only have two independent components. 

Let p be a 2-component Weyl spinor with the following lagrangian density |134j 

Lu = -ip^a^d^p - "^(P^ Gip + h.c. (3.23) 

Here Ci, with i = 1,2,3, are the Pauli matrices, suplemented with ctq = I- One 
can show that both terms in the lagrangian p.23p are invariants under Lorentz 
transformations. Given a general Lorentz transformation 



X -> Ax (3.24) 

the spinor field p transforms as 

p{x) S{h.)p{K-^x) (3.25) 
where S* is a 2 x 2 matrix that obeys the relation 

S^a^S ^ A^,(7^ (3.26) 

Using equations (j3.24|) , (j3.25[) and p.26p and the unimodular property det S* = 1 
it is easy to show that both, the kinetic and mass terms, are Lorentz invariant quan- 
tities, and thus a spinor field p with the lagrangian p.23p is a consistent physical 
description for a fermionic field. Note, however, that the mass term is not invariant 
under the U{\) transformation 

p e'^p (3.27) 

In conclusion, Majorana fermions cannot have conserved U{1) charges. This is 
of great relevance for Majorana neutrinos, whose mass terms break lepton number 
by two units. 

The connection between Dirac and Majorana fermions becomes clear if we ex- 
pand a Dirac fermion into its 2-component pieces. Consider the lagrangian for the 
Dirac fermion 4" 



Cd = i^'7p9''* - m^-^ (3.28) 
The 4-component spinor can be split as 

* - ( .,0* ) (3.29) 

where x (j) ^-re two 2-component spinors, similar to equation (j3.20p . Ex- 
panding the lagrangian (|3.28p one obtains 



3. Neutrino mass models 



30 



Cd = -i'^ pl.af^d'^Pa - Y X! Pa'^'^Pa + h.c. (3.30) 

Q— 1 Q— 1 

where the following redefinition has been done 



X = (3.31) 
cp = -L(p2-zpi) (3.32) 

Therefore, one Dirac fermion is equivalent to two Majorana fermions of equal 
mass but opposite CP. This clearly shows that the Majorana fermion is a more 
fundamental representation of the Lorentz group. 

Let us consider now charge conjugation acting on a Majorana fermion. We will 
show that a Majorana fermion is self-conjugate and therefore its own antiparticle. 
In order to do that, we can reverse our last computation and build a 4-componcnt 
spinor from the 2-component fermion p in equation (|3.23D . Using equations p.3ip 
and (j3.32p with p2 one finds that the lagrangian p.23p can be written as 

Cm = i^Mlt^d^-^M - TO*A/*M (3.33) 

where 

Applying now the operation of charge conjugation, as we did to obtain equation 
p.22p . it is easy to check that "I'm = and thus it describes both the particle 
and the antiparticle. 

Finally, let us emphasize that the nature of neutrinos is not only a theoretical 
question, but it also has phenomenological implications. For example, if neutrinoless 
double beta decay is ever observed, neutrinos will be known to be of Majorana type, 
since a theory with pure Dirac neutrinos cannot lead to that process [1511 1152] . 



3.3.2 WcinhcTg operator 

It has been noted long ago by Weinberg |172| that one can add to the Standard 
Model a dimension five operator, now called the Weinberg operator, with the fol- 
lowing definition 

Wop = jL,L,HH (3.35) 
Here Li and Lj are lepton doublets, whereas H is the standard Higgs doublet. 

Finally, A is the energy scale at which this operator is generated. Note that, 
unless one couples Li and Lj to form an antisymmetric combination, the Weinberg 
operator includes the piece 

- J>^^ly,<|>°c|>° (3.37) 

Note that the Weinberg operator breaks lepton number by two units, as required 
to obtain a Majorana mass for the neutrinos. In fact, after clcctroweak symmetry 
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Fig. 3.2: Weinberg dimension five operator responsible for neutrino masses. 



breaking (0°) = ^ and Majorana neutrino masses are generated. Note the depen- 

2 . . . . 

dencc oc which is quadratic in v, as opposed to the rest of fermions that get 
masses linear in v. 

It can be shown that this dimension five operator is unique in the sense that one 
must go beyond dimension five to find other lepton number violating effective op- 
erators. This observation by Weinberg points out that lepton number conservation 
looks rather accidental, since non-renormalizable operators like the one in equation 
p.35p violate it. 

In fact, the Weinberg operator is the effective description of most high-energy 
models. The details of the mechanism that generates this dimension five operator 
might be very different and, as we will show below, several realizations are possible. 
In the rest of this chapter we will follow reference [173) . pointing out the main 
distinctions between the different realizations and describing the type of models 
that generate them. 

3.3.3 Tree-level models 

Tree-level realizations of the Weinberg operator arc well known and the literature 
is full with examples. In fact, most of the models and mechanisms to generate 
neutrino masses are based on them and they have been deeply studied over the 
years. 

There are only three ways to build up the Weinberg operator at tree-level. These 

are 

• Li and H combine to form a fermion singlet 

• Li and Lj combine to form a scalar triplet 

• Li and H combine to form a fermion triplet 

The proof is based on gauge invariance |173j . There are four SU{2)l doublets 
involved in the Weinberg operator and they must combine in pairs in such a way 
that the total operator is a gauge invariant. Therefore, two possibilities arise: H — H 
and Li — Lj or H — Li and H — Lj. Moreover, in SU{2) one has 2 (g) 2 = 1 © 3, this 
is, two doublets can combine either to a singlet or to a triplet. Then, one obtains 
four combinations in total. However, note that the one with Li — Lj combining 
to a singlet does not lead to the Weinberg operator. This is due to the fact that 
it is antisymmetric in the indices i, j and then one cannot obtain the piece ViVj. 
Therefore, we are left with three possible realizations. 
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Fig. 3.3: First tree-level realization of the Weinberg operator. 



In fact, although the low-energy effective operator is the same, the different re- 
alizations imply very different models in the high-energy regime. In the following 
we are going to discuss these three tree-level realizations, highlighting their main 
differences and presenting some high-energy models that generate them at low en- 
ergies. 

Tree-level: Realization 1 

Figure 13.31 is the most common realization of the Weinberg operator and it has 
dominated the literature over the years. Here H — Li and H — Lj combine to form 
gauge singlets and thus the intermediary particle is a singlet as well. Being Mn its 
mass and y the coupling HLN, one finds 

1 

T = TI- (3-38) 
A Mn 

When (fP gets a VEV, (0°) = neutrino masses are generated 

1 



where 



2_ , h.c. (3.39) 



2Mn Mn 

where we have identified = y{(jP) as the v ^ N Dirac mass that is generated 
after electroweak symmetry breaking. Equation p.40p shows that a large mass Mn 
for the singlets implies a small mass rrii, for the neutrinos. This suppression by a 
high scale is a natural consequence in many models and thus this realization has 
become a very popular way to generate small neutrino masses. 

The most popular high-energy model that leads to this realization is the famous 
Type-I Seesaw [1741 11751 11761 1177j . In this setup one adds three families of right- 
handed neutrinos to the Standard Model particle spcctrurr|f|. If one allows for lepton 
number violation, in addition to the neutrino Yukawa coupling in equation (j3.16p 
one can write down a mass for the right-handed neutrinos. With this additional 
piece the part of the lagrangian that involves the right-handed neutrino becomes 



In principle, two families are sufficient to generate neutrino masses in the observed range, but 
in most of the cases three are assumed. 
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- = Y^4PDrul + ]^vIMrur + h.c. (3.41) 

Here Mr is a 3 x 3 symmetric matrix. Note that the Majorana mass Mr is 
allowed by the gauge symmetry because the right-handed neutrinos are singlets 
under the SM gauge group: 



Field SU{3)c SU{2)l ^(l)r 
J^R 1 1 

This piece was missing in our previous discussion on Dirac neutrinos, see section 
3.21 and it completely changes the picture. In fact, the Majorana nature of the 
right-handed neutrinos is transferred to the left-handed ones through the Dirac 
i^L — i^R mixing. After electroweak symmetry breaking the lagrangian p.4ip leads 
to 



CT'' = niDVLVR + \vI^Mrvr + h.c. = xMx (3.42) 



where 



and 



(3.43) 



M={ \ (3-44) 
\^ Mr J 

The Majorana mass Mr of the right-handed neutrinos is a free parameter of 
the model. Since its origin is not tied to electroweak symmetry breaking, Mr 
can take any value. In section 13.21 we chose Mr = 0, which leads to pure Dirac 
neutrinos. However, theoretical considerations prefer heavy right-handed neutrinos. 
For example, Mr can be generated at a very high scale by the breaking of a larger 
gauge group, under which the right-handed neutrinos arc not singlets. Moreover, 
as we will see below, the assumption of heavy right-handed neutrinos helps to 
understand the smallness of the light neutrino masses. 

If we assume Mr ^ mo^ the matrix in equation p.44p can be block-diagonalized 
in good approximation to give 

with 



miight = -mj) ■ Mj^^ ■ niD (3.46) 
- Mr (3.47) 

Here we recover the generic result in equation p.40p . The mass of the light 
neutrinos is given by rrii, ~ mjj/MR. This, usually called the seesaw formula, 
provides a natural explanation for the observed lightness of neutrinos [1741 11751 
117611177] . Let us consider the value m,j ^ 1 eV. If, for example, we take Mr = 10^^ 
GeV, the Dirac mass turns out to be rriD ~ i^i^ ~ 100 GeV. This implies Yukawa 
couplings of order 1, ^ 1, what can be compared to the results in our discussion 
on Dirac neutrinos, where we showed that the same mass for the light neutrinos 
implies ~ 10"^^ in that case. 
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Fig. 3.4: Second tree-level realization of the Weinberg operator. 



Moreover, under the same assumption, Mn ^ mo, the mass eigenstates can be 
approximated as XHght — and Xheavy — vr. This explains why neutrinos have 
always been observed to be left-handed in all performed experiments. 

This popular framework, widely studied and extended in several directions, is 
one of the most common ways to generate neutrino masses and it can be used with 
or without supersymmetry. As we will see below, there are other types of Seesaw 
mechanism. They all share the common feature of the suppression of neutrino 
masses by the existence of a high energy scale. If this scale is very high, like in 
the numerical example given above, direct tests of the model become impossible. 
The energies reached at colliders do not allow to produce such heavy particles, 
and thus only indirect tests are at best available. As discussed in chapter [51 the 
supersymmetric version of the seesaw mechanism, in each of its variations, offers 
some experimental chances due to the existence of the superparticles. In particular, 
the sleptons carry some information on the high energy regime, which allows to test 
some scenarios. The non-SUSY case, however, does not provide this possibility, and 
thus the model cannot be put to experimental test. 



Tree-level: Realization 2 

Figure 13.41 shows a different tree-level realization of the Weinberg operator. In 
this case, Li — Lj and H — H combine to form a SU{2)l triplet. Therefore, the 
intermediary scalar A° must belong to a SU{2)l triplet, called A in the following, 
in order to obtain a gauge invariant Feynman diagram. 

Following the same approach as in the discussion for the first tree-level realiza- 
tion, one finds that in this case the A scale that appears in the non-renormalizable 
Weinberg operator is 

T = ^ (3-48) 

where / is the LLA coupling, /i is the HHA coupling and Ma is the mass of the 
A triplet. Note that triplets are allowed to have invariant masses, since the SU{2) 
product 3 (El 3 includes the singlet representation. As in the previous case, when (j)^ 
gets a VEV, {(f)^) = v/\/2, neutrino masses are generated 

= ^ (3.49) 

This realization can be obtained in the so-called Type-II Seesaw mechanism 
[TMl [TTSI \TM [MHITST] . In this framework one adds a scalar Higgs triplet to the 
SM particle spectrum: 
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Field SU{3)c SU{2)l U{1)y 
A 1 3 2 



The triplet A can be written as 




A = A+ (3.50) 



although it is more common to use the 2x2 matrix notation 

Once the representation for A is chosen, the corresponding SU{2)l generators 
have to be chosen accordingly. This way one ensures the gauge invariance of the 
lagrangian. In particular, the piece that involves the A triplet can be written as 

C^ = {D^^)\D^'^)+Cy-V{H,^) (3.52) 
Here Cy is the Yukawa coupling 

Cy = -fLAL + h.c. (3.53) 
and V{H, A) is the scalar potential, which includes two important terms 

V{H, A) D A/^A^ A + /ii7Ai7 + h.c. (3.54) 

In the last two equations gauge and flavor indices have been omited for the 
sake of simplicity. Note that the simultaneous presence of the operators fLAL and 
fiHAH necessarily break lepton number by two units. As discussed in section r3. 3. 11 
this is a requirement for Majorana neutrinos, whose mass term also has AL = 2. 

By studying the scalar potential one finds that its minimum its shifted from the 
trivial configuration (H) = (A) = 0. In fact, the tadpole equations link both VEVs, 
leading to the relation 

Here (A) = v^/V^ and (H) = u/a/2, as usual. Note that the larger the triplet 
mass is, the smaller its VEV becomes. This unexpected feature of the model has 
an important implication for neutrino masses and it is sometimes called Seesaw 
VEV relation. Substituting (|3.55p into p.53p one obtains a Majorana mass for the 
left-handed neutrinos that is just the same result as in equation (j3.49p . 

Again, the heaviness of a field, the A triplet in this case, is used to explain the 
lightness of the left-handed neutrinos observed at low energies. This is the seesaw 
mechanism at work. 

It is also worth to mention that the addition of a SU{2)l triplet modifies some 
fundamental relations in the SM and, in fact, its properties are highly restricted by 
SM precision measurements |1821 11831 1184j . Moreover, it also contributes to lepton 
number violating processes, what can be translated into strong bounds for its mass 
and couplings |185j . Therefore, the heaviness of the A triplet is also well motivated 
from the phenomenological point of view, since it helps avoiding the constraints. 

As in the case of the type-I seesaw, this idea can be also employed in a super- 
symmetric context. Although it has attracted less attention than the type-I version 
of the seesaw mechanism, the type-II seesaw is also a very nice way to generate 
neutrino masses. In fact, it naturally appears in some high energy constructions. 
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Fig. 3.5: Third tree- level realization of the Weinberg operator. Note that this diagram is 
equivalent to the one in figure [3731 However, here E belongs to a SU{2)l triplet. 



like in left-right symmetric models ^M. IW, [HH UMl [HH] and in GUTs based on 
SU{5) [HI [IHD] or SO{10) [Ml [192, 193, iM], sometimes in combination with 
type-I. 

Tree-level: Realization 3 

Finally, figure 13.51 shows the third tree-level realization of the Weinberg operator. 
Here, H—Li and H — Lj combine to form a fermion triplet and thus the intermediary 
particle must be a fermion triplet as well. Since this diagram is equivalent to the 
one for the first tree-lcvcl realization, equations analogous to (|3.38p and (|3.40p arc 
valid in this case. 

This case has been less studied than the other two, although the basic idea is just 
the same. Let us consider a fcrmionic SU{2) l triplet S with hypcrcharge Y = 0: 



Field SU{3)c SU{2)l 



1 3 



If we add three S families to the SM matter content one can write down two 
additional lagrangian terms 

- £s = lEiJLS + isAfsS + h.c. (3.56) 

where and My, are 3x3 matrices. Note the similarity between the last 
expression and equation p.4ip . The formal structure of this model resembles the 
structure of a type-I seesaw. Although the gauge indices in these two terms contract 
differently, due to the introduction of triplets instead of singlets, neutrino masses 
can be shown to follow an analogous expression 

y2 2 

"V = ^ (3.57) 

Therefore, if the fermion triplet S is very heavy, as in the type-I case, the light 
neutrino masses are naturally obtained in the correct range. This is the so-called 
Type-Ill Seesaw mechanism |195| . 

Let us emphasize that, although the common practice is to consider a high seesaw 
scale in order to fit neutrino masses with order 1 couplings, there is no reason to limit 
ourselves to that possibility. In principle, and due to the fact that other Yukawa 
couplings are known to be much smaller than 1 (for example, the electron Yukawa, 
with Ye ^ 10~^), one could also consider much lower seesaw scales. In that case the 
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B<\ W" 



Fig. 3.6: Tree- level generation of neutrino masses in Bilinear R-parity Violation. The 
mechanism is a combination of type-I and type-Ill seesaw. 



seesaw formula nii, ^ ^^g- would also require to lower the size of the y coupling. 
For example, if neutrino masses are generated at the electroweak scale, M ^ 100 
GcV and the corresponding Yukawa coupling must be around y ~ 10~^ — 10~^. 

This scenario sometimes appears in the literature under the name of electroweak 
scale seesaw. An example is Bilinear R-parity Violation [196] . briefly discussed in 
this thesis, see section 14.21 In this supersymmetric model, R-parity is explicitly 
broken by the superpotential term 

W D eLHu (3.58) 

This lepton number violating term leads to mixing between neutrinos and higgs- 
inos, which in turn mix with the electroweak gauginos after symmetry breaking. 
Figure 13.61 shows the realization of the Weinberg operator in this model. Note that 
the intermediary particles are the bino B'^ , a singlet under SU{2)l, and the neutral 
wino which belongs to a triplet of SU{2)l. Therefore, neutrino masses are 
generated as a combination of type-I and type-Ill seesaw. One can estimate their 
magnitude as 

^ ^^'V (3.59) 

'"-SUSY 

where we have used M gauginos ~ Mhiggsinos = msuSY- Equation (|3.59|) shows 
that by choosing e ^ v, msuSY one obtains small neutrino masses. 

Furthermore, there are extended models that generate the dimensionful e cou- 
pling after electroweak symmetry breaking, see for example references |1971 1198) . 
The superpotential term YSLH^, where S' is a new singlet superfield, leads to 
YvsLHu = EeffLHu, where vs is the VEV of the scalar component of the S sin- 
glet. For vs ^ 100 GeV a value Y - lO"'^- 10"^ is required, as in most electroweak 
scale seesaw models. 

Let us close this section by mentioning that other tree-level models can be found 
in the literature with the name of seesaw mechanism. The Inverse Seesaw |199| and 
the Linear Seesaw |200[ 12011 1202] are good examples. Nevertheless, they can be 
understood as extended versions of the three realizations discussed here. Finally, 
a detailed discussion of the low energy effects of the three versions of the seesaw 
mechanism was given in reference |203| . 

3.3.4 Radiative models 

The Weinberg operator also admits radiative realizations. In fact, models that 
generate neutrino masses radiatively are very well motivated due to the loop sup- 
pression, which allows to lower the scale at which neutrino mass generation takes 
place. Therefore, the new particles needed to complete the loops can have masses 
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Fig. 3.7: First 1-loop realization of the Weinberg operator. 



at the electroweak scale. This would imply a very rich phenomenology at the LHC. 
See [2041 1205| for general reviews on radiative models. 

If we concentrate on 1-loop topologies leading to neutrino masses, three types 
of Fcynman diagrams can be drawn. Let us briefly discuss them. 

1-loop: Realization 1 

The first 1-loop realization of the Weinberg operator is presented in figure 13.71 
When the two 0° Higgs fields get a VEV this diagram leads to Majorana neutrino 
masses for the neutrinos. By imposing gauge invariance in every interaction vertex 
one can obtain the gauge charges of the involved particles. For example, either to or 

must be a SU{2) l doublet, since they both couple to (jP . If we choose a;(g3, 2, qi) 
under SU{Z)c x SU{2)l x U{1)y, one easily obtains that the rest of particles must 
be uj''{q^,q2,-qi + 1/2), xil's, + 1/2) and 77(53,2,171), where 92 and 53 are 

constrained to be either 1 or 3. 

There are well known models that lead to this particular 1-loop realization. The 
most famous one is the Zee model j206j . In this case one has qi ^ q2 ~ (I2 = 1z = ^ 
and a;(l,2,-l/2) = L, ^==(1, 1, 1) = and r?(l, 2, -1/2) = H are identified with the 
standard left-handed lepton doublet, right-handed lepton singlet and Higgs doublet. 
The additional x(l, 1, 1) is a new charged scalar, usually called Note that the 
coupling HjHjh^ requires at least two Higgs doublets, since the HiHj contraction 
to form a SU{2)l singlet is antisymmetric in the SU{2)l indices. Therefore, the 
Zee model contains, beside the SM particles, a new charged scalar and a second 
Higgs doublet. In fact, it shows how a small modification of the scalar sector has 
dramatic consequences concerning lepton number conservation, which is accidental 
in the minimalistic Standard Model. 

Let us mention that the Minimal Zee Model j207| is nowadays ruled out by 
experimental data j208l 12091 1210j . In this version only one of the Higgs doublets 
couples to the leptons. This automatically implies a very particular structure for 
the generated neutrino mass matrix. Just by inspection of the diagram in figure 
13.71 adapted for the Zee Model, one finds 
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Fig. 3.8: Second 1-Ioop realization of the Weinberg operator. Note that for this diagram 
to be possible uj — u'^ must have an invariant mass term. 



where fat is the antisymmetric matrix that appears in the lepton number vio- 
lating coupling LaL^h^ , niab is the mass matrix of the charged leptons, Y^^ is the 
Yukawa coupling H~fLa{e'^)b, Va = ('/'q) and Map is the mass that appears in the 
scalar potential term HaHph^ . In order to avoid confusion, the Higgs mass is de- 
noted here as mH- The last factor in equation (j3.60[) comes from the loop integral, 
that can be easily approximated in the limit to^+ 3> rriH- It can be shown that if 
only one of the Higgs doublets couples to the leptons, equation (j3.60p reduces to 

"^a6 oc fabiml - ml) (3.61) 

where TOq, and rrib are charged leptons masses. With this structure one obtains 
the following texture 

/ a c \ 

m"" ^ [ a 6 (3.62) 
\ c b J 

which has been shown not to reproduce the observed pattern of neutrino masses 
and mixing angles [211j . If one allows both Higgs doublets to couple to the leptons, 
as in the General Zee Model |212j , the previous relation is broken and one can evade 
this problem. In fact, this generalized version of the model leads to a very rich 
phenomenology at colliders, where the charged scalar has very clear signatures 

m- 

Another good example of this 1-loop contribution to neutrino masses is ob- 
tained in fip SUSY |214j . Again, one can choose 91 = = 92 = <73 = 1 and identify 
w(l, 2, —1/2) = L and 1, 1) = e"^ as the standard left- and right-handed lepton 
fields. In this case, however, the additional 77 and x scalar fields are the corres- 
ponding sleptons, ry(l,2,— 1/2) = L and x(l,l,l) = e"^. Then, the lepton number 
violating interactions in the external vertices come from the fi.p superpotential tri- 
linear term XLLe^, see equation (|2.45p . Furthermore, if one chooses q2 = q'2 = Ij 
qi = 1/6 and 93 = 3 the fields rj and x are identified with left- and right-handed 
squarks, and thus the involved fi,p term is X'LQd'^. 

1-loop: Realization 2 

The second realization, shown in figure [378l has attracted less attention among model 
builders |215| . although it got some renewed interest in the last years. Note that 
the fermions lo and must combine to form an invariant mass term. If they are 
chosen to be a right-handed neutrino u = u'^' = N then the 77 and x scalar fields 
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Fig. 3.9: Third 1-loop realization of the Weinberg operator. Note that for this diagram to 
be possible a — a'^ must have an invariant mass term. 



are forced to be SU{2)l doublets, 77(1,2,1/2) and x(l7 2,l/2), and they could be 
identified with the same extra scalar doublet. This setup has been used recently 
in the so-called scotogenic neutrino mass models |216[ 1217] . By adding a new Z2 
symmetry, under which only the right-handed neutrinos N and the second scalar 
doublet rj are charged, one forbids the Yukawa couplings with the first scalar doublet. 
Moreover, the conservation of Z2 implies that (77°) = 0, and thus no Dirac masses 
for the neutrinos are generated. Therefore, the loop in figure [5^ is the dominant 
contribution to neutrino masses. In addition, the conservation of the Z2 symmetry 
has an additional consequence: it provides a dark matter candidate, the lightest 
Z2-odd particle |218l I219j . The model may also provide visible signatures at the 
LHC [2?0] . 

1-loop: Realization 3 

Finally, the third 1-loop realization is shown in figure 13.91 This has been used for 
quark and charged lepton masses |204| . but no examples for neutrino masses are 
found in the literature. 

Note that there are no other 1-loop realizations of the Weinberg operator. In 
the first realization one Higgs boson line is attached to the scalar part of the loop 
while the other is attached to the fcrmionic part, in the second realization both 
lines are attached to the scalar part, whereas in the third relization they are both 
attached to the fcrmionic part. Therefore, this covers all the possibilities. 

Other possibilities exist if one goes beyond the 1-loop level. For example, if 
there is only one right-handed neutrino, only one light neutrino picks up a mass 
at tree-level. Then, the masses of the other active neutrinos are obtained at the 
2-loop level via the exchange of W bosons |2211 1222[ 1223) . In this scenario the GIM 
supression [224| naturally leads to very small neutrino masses. 

The most famous 2-loop model is the Zee-Babu model [1791 12251 1226] . In this 
case one adds to the standard model two charged scalars and k'^'^, with charges 
/i(l, 1, 1) and fc(l, 1, 2) under SU{3)c x SU{2)l x U{1)y- These two particles allow 
us to write down new Yukawa couplings: 

>Cy " = fabLaLbh+ + habelelk++ + h.c. (3.63) 

Here fab is an antisymmetric matrix, whereas hat is symmetric. Note that the 
first term was already present in the Zee model but the second one is only possible 
due to the introduction of the fc++ field. With this particle content and the Yukawa 
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Fig. 3.10: Neutrino mass generation in the Zee-Babu model. 



couplings in equation p.63p neutrino masses are generated at the 2-loop level, as 
shown in figure 13.101 

The cubic term /x(fc+"*")*/i+/i+, contained in the scalar potential, is of great 
relevance. Without this dimensionful coupling it would be possible to find a lepton 
number assignment that recovers lepton number conservation and thus Majorana 
neutrino masses would vanish. In fact, note that the diagram in figure [XTUl would 
not be possible without a {k~^~^)*h~^h~^ interaction term. 

As in 1-loop radiative models, the loop suppression, higher in this case, lowers 
the scale at which neutrino masses are generated. This implies a very rich phe- 
nomenology at current and future experiments |227[ 1228] . For example, the rates 
for lepton flavor violating processes, like /i — > 67 and — > Be, could be in reach 
of the present experimental searches. Moreover, if the additional charged scalars 
are light enough to be produced at the LHC one could search for their decays in 
channels like h'^ l^i^, which arc correlated with neutrino physics |227l 1228] . 

In conclusion, radiative models provide an interesting alternative way to generate 
neutrino masses. The suppression coming from the loop factors allows to lower the 
scale of new physics, what implies a very rich phenomenology at present and future 
experiments. 

3.4 Summary 

This chapter is a review on neutrino mass models. Although the topic has been so 
heavily investigated that by no means this can give a complete picture on the field, 
it is useful, at least, to set a common language to be used throughout the thesis. 

After a short presentation of the current experimental status, several neutrino 
mass models have been discussed. Although the possibility of Dirac masses has 
been briefly mentioned, the discussion has focused on Majorana masses. This case 
is much more natural and nicely fits wider theoretical frameworks. In particular, 
the seesaw mechanism, in its different variations, provides a natural explanation 
for the smallness of neutrino masses and can be easily accommodated in extended 
versions of the SM or the MSSM. 

Nevertheless, many important topics related to neutrino masses have been ig- 
nored in this chapter since they are not directly connected to the work done in this 
thesis. 

For example, the observed pattern of neutrino masses and mixing angles has 
stimulated an intense investigation on flavor symmetries and the literature is full 
of models that attempt to explain the so-called tribimaximal mixing |211j . The 
references |2291 1230j are detailed reviews on the subject. 
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Another good example is leptogenesis, a subject closely linked to the seesaw 
mechanism and neutrino masses. This idea, proposed many years ago |231| to 
explain the observed baryon asymmetry of the universe, is nowadays an active field 
of research, sec references |232l 12331 12341 1235j for general reviews. 

In the following chapters two types of supersymmetric neutrino mass models 
will be discussed: models with R-parity violation and a left-right symmetric model 
that conserves R-parity. 



4. INTRODUCTION TO R-PARITY VIOLATION 



Neutrino masses can be easily accommodated in SUSY with R-parity violation. 
This interesting framework leads to a very rich phenomenology at current and future 
experiments, being one of the few examples in which the origin of neutrino masses 
can be directly tested. This chapter provides an illustrative introduction to R-parity 
violation, emphasizing the most important ideas that will be further explored along 
the thesis. 

4.1 General concepts on R-parity violation 

As explained in chapter [2j R-parity plays a central role in supersymmetric model 
building. It forbids the dangerous dimension-4 operators leading to fast proton 
decay due to lepton and baryon number violation and predicts the existence of a 
stable particle with the right properties to be a good dark matter candidate. 

However, the breaking of R-parity by L violating operators generates non-zero 
neutrino masses as demanded by the experiments, and thus is a well motivated 
scenario beyond the standard SUSY model^. 

In fact, several arguments can be raised against R-parity: 

• R-parity is imposed by hand. 

Unlike the Standard Model, where L and B conservation is automatic, the MSSM 
requires to introduce an additional ad-hoc symmetry to forbid dangerous operators 
that contribute to L and B violating processes. However, there is no theoretical 
explanation for such symmetrj0. 

• In fact, R-parity does not solve fast proton decay. 

It is a well known fact that R-parity does not forbid some dimension- 5 operators 
that lead to proton decay |237l 12381 1239] . In particular, the operator 

O5 - j^QQQL (4.1) 

has Rp{05) = +1 and thus conserves R-parity. However, the bounds on the life 
time of the proton require / < 10^^ even for M = i\/pianck |240| . Operators like O5 
are typically generated in GUTs, due to the fact that quarks and leptons belong 
to the same multiplet. Therefore, R-parity does not completely solve fast proton 
decay when one considers SUSY GUTs. 

• There is no reason to forbid all the L and B violating operators. 

^ Neutrino mass generation in was briefly described in chapter [21 section 12.31 and will be 
further explained in the next chapters. See section r4.2.2l for the simplest case. 

^ It is possible to embed the MSSM in a wider picture with a larger symmetry group that leads 
to R-parity conservation at low-energies. The reference 12361 explores this idea and studies what 
type of theories leave R-parity as a remnant after symmetry breaking. Examples of such theories 
are models with a Left- Right gauge group, as will be discussed in chapter [8] 
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Proton decay requires both L and B violation. Therefore, for the proton to be 
stable it is sufficient to impose the conservation of just one of these two symmetries, 
without any phenomenological reason to impose the conservation of both. This gives 
rise to a wide variety of possible discrete symmetries, apart from the usual R-parity, 
that protect the proton while allowing for L or B violation. 

One of such symmetries is baryon triality (Z^) [2371 1241] . defined as 

= exp [2Tri{B - 2Y)/3] (4.2) 

which exactly conserves baryon number but allows for lepton number violation. 
Models based on this type of symmetries break R-parity but do not suffer from fast 
proton decay. 

Apart from these arguments against the introduction of R-parity one should not 
forget the rich phenomenology that it predicts at current and future experiments. 
This extension of the MSSM includes additional couplings that lead to distinctive 
signatures at the SUSY scale. This makes SUSY with fip a testable framework, 
possible to rule out at the LHC. 

In fact, the J^p couplings are highly constrained by experiments due to the non- 
observation of L and B violating processes. Searches for neutrinoless double beta 
decay 245, 24B], nucleon-antinucleon osciUations pTTllMS] and proton 

decay [SH [S31 [Ml 155^ i56j EI] have led to strong constraints on the size of the 
fip couplings. 

Furthermore, if present, the fip couplings would also contribute to L and B 
conserving processes. Some examples are rare leptonic decays of mesons, like K'~' — ^ 
l+lj BB mixing (1501 [IH] and fi ^ e-f [552]. The agreement between the 

data and the SM predictions implies that the fi,p couplings must be below the 
experimental accuracy, which can be used to derive robust indirect bounds on the 
individual couplings or on combinations of them. 

Let us consider an example. The operator LiL^e^ contributes to the r lepton 



decay, r — > evv, violating lepton number twice, as shown in figure 4.1(b) In the 
first vertex one has Ai — +1 while in the second Ai = — 1, and then the global 
process conserves lepton number. Since the mediator of the decay, the right-handed 
slepton (efl,)fc, is much heavier than the rest of involved particles one can describe 
the process by an effective 4-fermion lagrangian 

C,S = %3^(eL7''^eL)(^>rL7M^i) (4-3) 

2m^ 

where rhk = mieii)^. This decay can be represented in the SM by the Feynman 



diagram in figure 4.1(a) which has the Fermi lagrangian as effective theory, with 
the same structure as in (|4.3p . Therefore, the contribution generates an apparent 
shift in the Fermi constant Gp- By measuring the ratio 

Rr ^ (4.4) 



r(r — > nvv) 

one obtains the following deviation from the SM 



Rr = Rr{SM) 



1 + 2^ /^|Ai3fc'^ 



(4.5) 



Then, the combination of the experimental value Rr = 1.028 ±0.004. published 



in the final report by the ALEPH collaboration }253j , and the theoretical computa- 
tion Rr{SM) = 1.028 implies the bound 
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(a) SM (b) ftp 

Fig. 4.1: T lepton decay: Standard Model and ft^ contributions. 



Let us mention that this bound assumes that this is the only ftp operator con- 
tributing to the process. In a more general case one obtains more complicated 
contraints that involve combinations of different operators. 

It is possible to derive similar bounds on other coupligs following the same 
approach and using constrains from other physical processes. See the review |60j 
for a collection of bounds on trilinear fip couplings. In addition, the reference |68| 
gives an update including recent experimental data. 

Finally, in J^^ the standard neutralino is lost as a dark matter candidate. Recent 
WMAP data |254j . however, have confirmed the existence of non-baryonic dark 
matter and measured its contribution to the energy budget of the universe with 
unprecedented accuracy. Thus, in fi.p one needs a non-standard explanation of DM. 
Examples for DM candidates in include (i) light gravitinos [611 |62j [63] , (ii) the 
axion [MUSS] or (iii) its superpartner, the axino [SHlinZ], to mention a few. 

In the following section the simplest fi,p model that generates neutrino masses 
is discussed. For general reviews see [501 1255] . 

4.2 Minimal realization: b-fip 

Bilinear R-parity Violation {h-fi,p ) |196) is the minimal extension of the MSSM 
that incorporates lepton number violation. It is therefore interesting to begin the 
discussion with this simple case that already contains many of the features present 
in extended models. For a pedagogical review on h-fip see the reference [256j . 

4.2.1 The model 

The h-fip superpotential is 

W = W^^^^-f e.^Qi^i?^ (4.7) 

The three new = (ee,e/j,eT) parameters have dimensions of mass and break 
lepton number. As will be shown below, they are constrained by neutrino masses 
to be much smaller than the EW scale (e^ ^ mw)- Note however that they are 
SUSY conserving parameters and thus one would naively expect them to be at the 
GUT or Planck scales. This problem is analogous to the /z-problem of the MSSM 
and can be addressed using the same approach. In fact, any solution to the 
problem potentially solves the e^-problem |257| . This will be discussed in detail in 
the sections devoted to s-fi.p and the /ii^SSM model. 

The introduction of the new superpotential terms implies new soft terms as well 



— ^Biti Cab LfH'^ 



(4.8) 
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where the Bi parameters have dimensions of mass. 

With these new couphngs with respect to the MSSM the scalar potential of the 
theory is modified. At tree-level one obtains the following linear terms 

V^near = + C'^"u + + + tp,^ (4-9) 

where are the tree-level tadpoles, given by 

= - B^Vu + {mjj^ + fJ''^)vd + VdD - ^ivi^i 
i° = - B^Vd + {mjj^ + i?)vu - VuD + v^Bie^ + u„e^ 

t\ =viD + ei( - ^lVd + VuBi + Vi€i) + i {vi{'mi)ii + {m\)iiVi) 

t% ^V2D + e2{ - pLVd + VuB2 + ViEi) + i {vi{m,l)i2 + {ml)2iVi) 

tl =v-iD + e-3{ ~ tiVd + VuBs + Vi£i) + i {vi{ml)is + (m|)3iUi) 

Here a repeated index i implies summation over i ~ 1,2, 3. Moreover, the usual 
shifts in the neutral fields have been performed 

H'd = ^[^'d + vci + ^^'d] 

if° = -i=K+«„ + z0S] (4.11) 
= + v^+ ivl] 

and thus left-handed sneutrino VEVs u,; = {ve,Vp,,Vr) have been introduced. 
Finally two useful quantities have been defined 

D = l{9'+9")ivl + vl+vl + vj-vl) (4.12) 
e'- = el + el + el (4.13) 

The minimum of the potential is computed by solving the system of equations 
obtained when all the tadpoles t° vanish. Note that the superpotential term eLHu 
generates a tadpole for the sneutrino once 77° gets a VEV. Therefore, the non- 
vanishing left-handed sneutrino VEV is a generic feature of e-type models, this is, 
fi.p models with explicit or effective e coupling. In conclusion, besides the usual 
Higgs VEVs 

(H'd) = ^ (4.14) 
(^°) = ^ (4.15) 

one obtains 

(^.) - ^ ^ (4.16) 

The MSSM limit of the model is obtained when e,; — > 0. Note that in this limit 
the Vi VEVs vanish (see tadpole equations t^, a-nd tg) and thus the sneutrinos 
do not get VEVs, fully recovering the MSSM. Furthermore, the smallness of the 
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Ci parameters implies that the sneutrino VEVs Vi must be smah as weh. This is 
of fundamental importance due to the doublet nature of the sneutrinos, whieh has 
an impact on the electroweak sector of the model. For example, after the gauge 
symmetry is broken the W boson gets a mass 



= \9\^l + + < + + ^'r) ^ 7.9'(«d + O (4-17) 



and the smallness of the sneutrino VEVs guarantees that the well-known SM 
result is obtained in good approximation. 



4.2.2 Neutrino masses 
The main motivation for is the generation of neutrino masses |258l 12591 1260j . In 



the basis (V'^)"^ = 
Mn is given by 



-iB'^, -~iW§, H^, 7?^, z^e, v^, Vr) the neutral fermion mass matrix 



where 





( 






Mn = 








I m 


/ 




/ Ah 





-\9'vd 









Igvd 




- h'vd 


Igvd 





-/i 






-/^ 


/ 



is the usual neutralino mass matrix of the MSSM and 

ee \ 




V 



yvr 



/ 



(4.18) 



(4.19) 



(4.20) 



is the matrix that characterizes the breaking of R-parity, mixing the neutrinos 
with the neutralinos. Note that its elements are suppressed with respect to the 
elements in M^o due to the smallness of the e,; parameters. In fact, it is useful to 
define the expansion parameters 



(4.21) 



where ^ denotes a 3 x 4 matrix given as |261 



" 2Det(X^o) * 

~ /i + 4Det(X^o) ' 

= _(^!i^W!^A, (4.22) 
4Det(7W^o) ^ ' 

The resulting Mn matrix has a type-I seesaw structure and thus the effective 
mass matrix of the light neutrinos can be obtained with the usual formula 
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'■eff 



m-M^^m^ (4.23) 



By explicit computation one can show that (|4.23p can be expanded to give 



AeA^ 




K A^AJ (4.24) 



4Det(A.,o) y^y^ 

where 

A, = fiv, + VdSi (4.25) 

It is important to emphasize once again that in the hmit — > ah the entries 
in TOgjj vanish and one recovers the MSSM with massless neutrinos 
By diagonahzing equation (j4.24p one obtains 



U'^ml'jfU, ^ diag(0, 0, m,) (4.26) 



with 



The special form of 'my/ff shown in equation (|4.24p implies that it is a rank 1 
matrix which only has one non-zero eigenvalue. With this degeneracy between the 
two massless eigenstates one can rotate away one of the angles in the matrix Uy 



^ \ / cos^ia -sin^ia 

cos 6*23 -sin 6*23 X 1 | (4.28) 

sin 6*23 cos 6*23 / \ sin 6*13 cos0i3 




and compute the other two angles as follows 



tan 013 - -TTT^^ (4-29) 

(A2 +A2)2 

tan 023 = (4.30) 

Of course, this is not enough to explain the oscillation data, which at least 
requires the generation of two mass scales, Am^^^ and Ato^^;. However, (|4.24p 
is just the tree-level neutrino mass matrix. Its non-vanishing eigenvalue m^^ is 
interpreted as the atmospheric mass scale, whereas for the generation of the solar 
mass scale, which is much smaller (Am^^; ^ Am^^^^), one must go beyond the 
tree-level approximation. 

In general, every mass matrix Mij can be written as 

NU, =A4f^A4f + ... (4.31) 

where M^^^ is the tree-level mass matrix, M^^^ is the 1-loop correction and the 
dots stand for higher order corrections. In the lines above only the tree-level neu- 
trino mass matrix has been computed, leading to the generation of the atmospheric 
mass scale. The addition of loop corrections changes the structure of the resulting 
mass matrix and generates the solar mass scale. 
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Fig. 4.2: Bottom-Sbottom diagrams for solar neutrino mass in the b-|^pmodeI. The follow- 
ing conventions have been adopted: a) Open circles correspond to small R-parity 
violating projections, indicating how much of a weak eigenstate is present in a 
given mass eigenstate, (b) full circles correspond to R-parity conserving projec- 
tions and (c) open circles with a cross inside indicate genuine mass insertions 
which flip chirality. In these figures hb = Yt is the bottom quark Yukawa cou- 
pling. For more details see [259] . 



In particular, it turns out that in mSUGRA like models the most important 
1-loop contribution to the neutrino mass matrix comes from the bottom-sbottom 
loop shown in figure 14.21 1258[ I259j . Neglecting the other contributions one gets 

m,, ^ sm{20~,)m,Y^ABy'^ M±i) (4.32) 

In this expression 6*^ is the mixing angle in the sbottom sector, ABq^'^^ is the 
difference between two Passarino-Veltman functions |262j 

AbI^'^ = BoiO^mlml) - Bo{0,mlml) (4.33) 

and the parameters e arc defined as ii = {Ujy^ej with the following resulting 
expressions in terms of the original parameters 



ee(A2 +A2)-Ae(A^e^+A,eO 
A2+A2^A2 + A2-KA2 

e, = l^lhL^A^ (4.35) 



h = , (4.36) 
A2 + A2+A2 

Complete numerical calculations show that this single contribution reproduces 
the exact result in good approximation in most parts of parameter space. Other 
relevant 1-loop corrections are the tau-stau and ncutrino-sncutrino contributions, 
see references [2591 1263] for detailed studies. 

Once m^-^ and m^^ are generated and the degeneracy between the two mass 
eigcnstatcs is broken, a new mixing angle appears. This mixing angle is identified 
with the solar mixing angle and it can be expressed as 

tan^ 012 = 4 (4.37) 
^2 

In conclusion, the h-fi.p model provides a simple framework to accommodate 
current data on neutrino masses and mixing angles. The breaking of R-parity mixes 
neutrinos and ncutralinos, giving rise to a EW scale type-I seesaw. Moreover, the 
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hierarchy Arri^^i <C Am^^^ is nicely explained in b-J^p , since the atmospheric 
scale is obtained at tree-level where as the solar scale has its origin in radiative 
corrections. 

4.2.3 Phenomenology 

The phenomenology of h-fi.p has been extensively discussed in the literature, see for 
example HSl HSi IMl IMl HZOl [HI], and is beyond the scope of this 
thesis. Nevertheless, two important points will be briefly mentioned here due to 
their relevance also in extended e-type models, discussed in the following chapters. 

The breaking of R-parity has an immediate consequence at colliders: the LSP 
in no longer stable and decays. In fact, this is the main change with respect to the 
standard MSSM phenomenology, because the fip couplings are constrained to be 
small, and thus they do not affect either the production cross sections or the initial 
steps of the decay chains. 

The most important lesson that one can learn from h-fi.p is that the LSP decay 
is governed by neutrino physics. The connection is clear. The same e parameters 
that break R-parity and lead to LSP decay are the ones which generate neutrino 
masses and mixing angles. In fact, the simplicity of the model, that only has 6 
fip parameters (3 and the corresponding soft parameters) , tightens this link and 
allows to give definite predictions at colliderf|f|. 

The first prediction has to do with the decay length of the LSP [264] . This 
depends on the nature of the LSP (neutralino, stau, . . . ), its mass and its couplings. 
Therefore, it is hard to give a definite prediction. However, some general statements 
are still possible due to its link with neutrino masses. 

On the one hand the amplitude of the LSP decay grows for increasing values of 
the couplings whereas, on the other hand, the size of the J^p couplings determines 
the absolute scale of neutrino masses. Therefore, one can derive a relation between 
the amplitude of LSP decay, P, and the absolute scale of neutrino masses, m^. In 
fact, by assuming a neutralino LSP and taking the value msusY 100 GeV one 
can estimate 

r ~ 10""* • (4.38) 
and then, by using the known formula 

L = cT=^ (4.39) 

one can estimate the decay length L as well. For nii, = ^ Am^^^ a distance of 
the order of cm is obtained. This would be a clear signature at colliders such as the 
LHC |270M271] . Moreover, note that the decay length of the LSP has a lower bound 
coming from the upper bound on the absolute scale of neutrino masses. Therefore, 
the prediction of a long decay length is general and holds in most parts of the 
parameter space. 

The second definite prediction that b-_^p makes is the sharp correlation between 
some ratios of branching ratios of LSP decays and the neutrino mixing angles |2641 
12651 12661 1267j . This tight link allows to use neutrino oscillation data to test the 
model at colliders. The reason comes again from the fact that the couplings that 
lead to LSP decay are the same as the ones that give the structure of the neutrino 
mass matrix. 

Let us consider the L violating decay channels x? If . If the mass of the 

LSP is above the W boson mass these channels are open and in fact they typically 



^ For comparison, we mention that the lepton sector of a type-I seesaw contains 21 physical 
parameters, see for example |272l . 
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become dominant in most parts of the parameter space. Note that the breaking of 
R-parity mixes the charged leptons with the MSSM charginos, in the same way as 
the neutrinos get mixed with the neutrahnos. Therefore, the vertex that is involved 
in the decay Xi If is x?-xj"^* ^-^d the relevant interaction lagrangian for 

this process is 



where x'i represents the neutralino i, xf represents the chargino j and Pl and 



Pr are the chirality projectors. The couplings 0£'JJ, OgJ™, 0£J]" and Og^}" turn 
out to be 



1 ^ 

OT;^ = gS^S^ ( - N;^a - {Af*,U,2 + M*,+,U.,2+k)) (4.41 

fc=i 



r^cnw 



(4.42) 
(4.43) 



= (OSr) (4-44) 
where M is the rotation matrix that diagonalizes the 7x7 neutral fermion mass 
matrix (4 MSSM neutrahnos +3 neutrinos) , U and V diagonalize the 5x5 charged 
fermion mass matrix (2 MSSM charginos +3 charged leptons) and S'f and S^^ are 
sign parameters defined as 



S ^ 



S. 



N 



\m o\ 



(4.45) 



For the decay of a neutralino LSP one must focus on the couplings 0£™ and 
It is easy to find approximated formulas for the rotation matrices Af, U and 
V taking advantage of the small mixing between the MSSM and lepton sectors [261j . 
After applying them the final result is 



Ocnw 
Ril 



Ocnw 
Lil 



''V2 



g'A'hlL 



Nil 



2Dcto 
g^Afi + g'^M2 
2Detn 



Det I 



/iDct^ 



2Deto 

Nij.^ 



Vdjg^Mi+g'Hh) 
4Detn 



(4.46) 



gvdNi2 + M2N14, , (2/i2 + g^VdVu)Ni2 + (/i + M2)gVuNi4 ' 
e» + g ^-pr- A, 

(4.47) 

Here Deto and Det+ are the determinants of the MSSM neutralino and chargino 
mass matrices, whereas N is the matrix that diagonalizes the MSSM neutralino 
mass matrix. 

Now it is easy to understand why there are correlations between these decays 
and the neutrino mixing angles measured at oscillation experiments. For a pure 
bino LSP (iVn 1, Nu = for i 7^ 1) the couplings in equations and (|07)) 

become 



- 2Det^ 
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O'Eil" - -^^A. (4.48) 
2v^Deto 

^ (4.49) 



and then one obtains 



^44^-f^V=tan^^23 (4.50) 

where equation (|4.30p has been used. As shown in equation (j4.50p . b-^^p makes a 
sharp prediction for the ratio between Br{x1 Wfi) and Br{xi Wt), predicted 
to be given by tan^ ^23 — 1, as measured in atmospheric neutrino experiments. A 
departure from this value would clearly rule out the model. 

Only the case of a neutralino LSP has been discussed here. However other 
possibilities with interesting phenomenological consequences have been considered 
in the literature as well, see references j273[ 1274] . 

The two phenomenological issues briefly discussed here, the long LSP decay 
length and the correlations with the neutrino mixing angles, are common to all e- 
type models. The b-J^pCase, being the simplest one, will be used in the following 
as the basic reference to compare with. 



4.2.4 Motivation for extended models 

It has already been shown how h-fi,p is able to accommodate the observed pattern 
of neutrino masses and mixing angles and the resulting predictions for collider 
experiments. Such a predictive model would be easily ruled out at the LHC if it 
does not provide the explanation for neutrino masses. Therefore, it is an interesting 
alternative to the usual high scale seesaw mechanism. 

However, there are some theoretical issues without explanation in h-fip . One 
of these open questions is why some of the couplings in the superpotential are 
zero while others, Ci in particular, are not. This problem has been addressed in the 
literature by different means. For example, one can break R-parity spontaneously 
when a scalar field, charged under R-parity, acquires a VEV |275l I197j . If this is 
done properly, only some of the ftp couplings are generated at tree-level. One can 
also suppose that some couplings are zero at the GUT scale and use the RGBs to 
show that their running down to the SUSY scale is negligible |276j . Finally, there 
are also approaches that rely on high-energy constructions |277j . 

The second open question in h-fi.p is the size of the e couplings. Since these 
are SUSY conserving couplings with dimension of mass one would expect that they 
are generated at some high scale, like the GUT or Planck scales, and thus it is 
hard to understand why they are so small compared to the electroweak scale. This 
problem, that is analogous to the /z-problem in the MSSM, can be easily solved if 
the e couplings are generated by physics at the SUSY scale. In fact, one can use a 
solution similar to the one provided in the NMSSM for the /i-problem |2781 1279) . 
The idea is to add an additional gauge singlet superfield, that will be called S in 
this section, whose scalar component acquires a VEV generating an effective e term 



KSUHu ^ X,{S)L,Hu^e,L,Hu (4.51) 

If this VEV is generated at the electroweak scale one can easily explain the 
smallness of the parameters by using a small coupling A; ^ 10^'' — 10^^. This 
idea can be applied to models that break R-parity spontaneously |197j or explicitly 
|198j . In fact, there are also examples in which the field that gets a VEV is not 
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a gauge singlet |2751 12801 1281j , although they are nowadays ruled out due to the 
strong experimental constraints in the electroweak sector. 

In the following chapters these ideas to address the problems of the minimal 
h-fip will be discussed in detail for two extended models: s-fip and /ii^SSM. 



5. SPONTANEOUS R-PARITY VIOLATION 



Spontaneous R-parity violation {s-fi,p ) is a well motivated alternative to the simple 
explicit violation in h-fi.p . In this type of extended models the original theory 
conserves R-parity and it is only after symmetry breaking that the fi.p terms are 
generated. This way one can explain (a) why some couplings are not generated 
at tree-level and (b) why the bilinear coupling is much smaller than the electroweak 
scale. 

5.1 Introduction 

One of the most important consequences of the spontaneous breaking of R-parity is 
the presence of a Goldstone boson, the majoron (J) j2821l283 ]. It is a well known fact 
that the breaking of a global continuous symmetry, U{1)b-l in this case, implies 
the existence of a masslcss particle [IS]. This additional state in the spectrum 
introduces many changes in the phenomenology and might lead to a completely 
different experimental picture. 

In fact, the nature of the majoron, which is determined by the way R-parity 
is broken, is extremely relevant for the subsequent phenomenology. Depending on 
this point, one can classify the s-fip models into two types: 

• Models that break R-parity with a gauge non-singlet 

This was the original type of s-^p models. In |275] the breaking of R-parity 
in the MSSM by a left-handed sncutrino VEV vl was studied. The resulting phe- 
nomenology was discussed in several works [2801 1281j but a after a few years it was 
realized that having a doublet majoron, which inherits the nature of the particle 
that caused its appearance, leads to conflict with LEP bounds and astrophysical 
data inSmi]. 

A doublet majoron would contribute to highly constrained processes. The first 
example is the cooling of red giant stars. The rate of energy loss by the dangerous 
process 76 —J- Je would be clearly enhanced above the known limits f284[|285] due to 
the weak couplings of the majorons to matter. Once produced, the majorons would 
escape from the star contributing to its cooling. The astrophysical bounds can be 
translated into a limit on the left-handed sncutrino VEV, what will require a strong 
fine-tuning of the parameters of the theory. Similarly, strong bounds can be also 
obtained from majoron-emitting decays of light neutrinos in supernovae |286j . The 
second example is the contribution to the Z boson invisible decay width. It turns 
out that the majoron, which is a pseudoscalar, is accompanied by a light scalar p 
with a mass of the order vl ^ myy , opening a new decay mode for the Z boson, 
Z — ^ J p. Since both products of the decay are very weakly interacting particles 
that escape detection, this decay mode would increase the Z boson invisible decay 
width beyond the limits set by the LEP experiment |287[ 1288) . 

For these reasons this type of models is nowadays ruled out. 

• Models that break R-parity with a gauge singlet 
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By using a gauge singlet one avoids the main problems present in the previous 
models. Reference fl97| showed how to break R-parity in a phenomenologically 
acceptable way by extending the spectrum to include gauge singlets whose scalar 
components acquire VEVs at the electroweak scale. This way the majoron has a 
singlet nature, which reduces its coupling to the Z boson and the rate of red giant 
star cooling. 

This is the type of models that will be discussed in this chapter. 

Although the presence of a massless majoron is allowed by the experimental 
contraints, it dramatically changes the phenomenology both at collider and low- 
energy experiments [289[ 1290] . 

On the one hand, whether R-parity is conserved or not can, in principle, be 
easily decided at colliders in the case of explicit R-parity violation since (a) neutrino 
physics implies that the lightest supersymmetric particle (LSP) will decay inside a 
typical detector of existing and future high energy experiments [2671 1274j and (b) 
the branching fraction for (completely) invisible LSP decays is at most 0(10%) and 
typically smaller |267l 1291] . Spontaneous violation of R-parity {s-fi.p ) [275[ I197j . 
on the other hand, implies the existence of a Goldstone boson, the majoron. In 
s-fi,p the lightest neutralino can then decay according to Xi J + i^, i.e. completely 
invisible. It has been shown |291[ that this decay mode can in fact be the dominant 
one, with branching ratios close to 100 %, despite the smallness of neutrino masses, 
in case the scale of R-parity breaking is relatively low. In this limit, the accelerator 
phenomenology of models with spontaneous violation of R-parity can resemble the 
MSSM with conserved R-parity and large statistics might be necessary before it can 
be established that R-parity indeed is broken. 

In addition, measurements of the LSP branching ratios can lead to tests of the 
model as the origin of the neutrino mass, in case sufhcient statistics for the final 
states with charged leptons can be obtained. This result is completely analogous 
to what is found in h-fi.p , see section 2231 However, the additional possibility of a 
singlino-like LSP, studied in |289| for the first time, allows interesting cross-checks 
with respect to neutrino physics different from the usual bino LSP. 

On the other hand, the phenomenology at low-energy experiments is also ex- 
pected to change. The search for majorons in charged lepton decays with majoron 
emission has attracted little attention. Indeed, the limits on k — !• IjJ quoted by 
the Particle Data Group [S] are all based on experimental data which is now more 
than 20 years old. Probably this apparent lack of interest from the experimental 
side is due to the fact that both, the triplet |283j and the doublet majoron [275j , are 
ruled out by LEP data, while the (classical) singlet majoron model |282) predicts 
majoron-neutrino and majoron-charged-lepton couplings which are unmeasurably 
small. Nevertheless, in the model studied in this thesis the majoron can play an 
important role phenomenologically. In j292| k — >■ IjJ was calculated for a tau neu- 
trino mass of m^^ ~ MeV. Below we show that (a) despite the fact that current 
neutrino mass bounds are of the order of eV or less, theoretically fi eJ can be 
(nearly) arbitrarily large in s-fi,p , and (b) — >• e J is large in the same part of SUSY 
parameter space where the invisible neutralino decay is large, making the discovery 
of R-parity violation at the LHC difficult. Br{fi — >■ e J) thus gives complementary 
information to accelerator experiments. 

Moreover, the MEG experiment |293] has started taking data. MEG is optimised 
to search for i?r(/i — > ej) with a sensitivity of Br{fi — > 67) ^ (few) 10^^^. While 
the impressive statistics of the experiment should allow, in principle, to improve 
the existing bound on Br{fj. — >■ eJ) [S] by a considerable margin, the experimental 
triggers and cuts make it necessary to resort to a search for the radiative majoron 
emission mode, Br(fi — >■ eJj), if one wants to limit (or measure) the majoron- 
charged-lepton coupling. Therefore the Br{n — > eJj) is also to be considered. 
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5.2 The model 

Spontaneous breaking of a global symmetry leads to a Goldstone boson, in case 
of lepton number breaking usually called the majoron. Spontaneous breaking of 
R-parity through left sneutrinos |275j . produces a doublet majoron, which is ruled 
out by LEP and astrophysical data [SSJ |33]. To construct a phcnomenologically 
consistent version of s-fi.p it is therefore necessary to extend the particle content 
of the MSSM by at least one singlet field, P^, which carries lepton number. For 
reasons to be explained in more detail below, the model under consideration |197) 
contains three additional singlet superfields, namely, 9'^, S and with lepton num- 
ber assignments of i = — 1, 1, respectively. 
The superpotential can be written as |197) 

+ Y:L,d^H^-hoHdH3 + h^t)^S+^d>^ (5.1) 

The basic guiding principle in the construction of equation (|5.ip is that lepton 
number is conserved at the level of the superpotential. The first three terms arc the 
usual MSSM Yukawa terms. The terms coupling the lepton doublets to fix lepton 
number. The coupling of the field $ with the Higgs doublets generates an effective 
/i-term a la Next to Minimal Supcrsymmetric Standard Model [278]. The last two 
terms, involving only singlet fields, give mass to i)'', S and $, once develops a 
vacuum expectation value. 

For simplicity we consider only one generation of V and S. Adding more genera- 
tions of 9"^ or S docs not add any qualitatively new features to the model. Note also, 
that the superpotential, equation (|5.ip . does not contain any terms with dimension 
of mass, thus potentially offering a solution to the /i-problem of supersymnictry. 
The symmetries of the model, as defined in [197] , allow also to add bilinear terms 
with dimension of mass to eq. (j5.ip . However, we omit such terms here for the sake 
of keeping the number of free parameters of the model at the minimum. One could 
justify the absence of such bilinears - in the same way as is usually done in the 
NMSSM - by introducing a discrete Z3 symmetry. This is known to lead to cosmo- 
logical problems due to the generation of domain walls during the electroweak phase 
transition when the Z3 symmetry gets broken [294U295T 1296] . Nevertheless, several 
solutions to this problem have been proposed, like late inflation after the formation 
of the domain walls, the introduction of a small explicit breaking or embedding the 
discrete symmetry into a gauge one. We note, however, that our numerical results 
on the charged lepton decays are not affected by the presence or absence of these 
terms. 

Finally, the inclusion of S allows to generate a "Dirac"-like mass term for v'^, once 
$ gets a VEV. The soft supersymmetry breaking potential along neutral directions 
is given by 

-B^H^Hd + ^Ta*-^ + /i.e.] + |^^|2 (5.2) 

a 

where Za denotes any neutral scalar field in the theory. In this expression the 
notation for the soft trilinear couplings introduced in [41] [42] is used. 

At low energy, i.e. after electroweak symmetry breaking, various fields acquire 
VEVs. Besides the usual MSSM Higgs boson VEVs Vd and Vu, these are ($) = 
w$/-\/2, {h''^) = {S) = vs/V^ and (z>i) = Vi/^/2. Note, that vr ^ generates 



soj 
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effective bilinear terms = Y^v-nj \/2 and that vjj, vg and Vi violate lepton number 
as well as R-parity. Although other solutions to the tadpole equations exist, we will 
focus on minima that break the electroweak symmetry and R-parity simultaneously. 
In that sense, EWSB and R-parity violation are related and cannot be viewed 
independently. 

5.3 Neutral fermion mass matrix 

In the basis 

-tWl Hi Hi u,, v^,,vr,v\ 5, $) (5.3) 
the mass matrix of the neutral fermions following from eq. (|5.ip can be written as 



X" 



T 

mo e 





M^cs 



Eq. (j5.4p can be diagonalized in the standard way. 

Mat =7V*Mw7V~^ 







Ms4 



M^c$ Ms* M$ / 



(5.4) 



(5.5) 



We have chosen the basis in eq. (|5.3[) . such that M reduces to the MSSM neutralino 
rotation matrix in the limit where (a) R-parity is conserved and (b) the field $ is 
decoupled. The various sub-blocks in eq. (|5.4p are defined as follows. The matrix 
M-yO is the standard MSSM neutralino mass matrix: 



( Mx 

M2 4 

- \g'vd +\gvd 



2^ 



1„/ 



gvu \ 
I 



(5.6) 



Here, /i = hov^/V^. m^o^ is the R-parity violating neutrino-neutralino mixing 
part, which also appears in explicit bilinear R-parity breaking models: 



igwe ee \ 
\gvi, 
V -\g''^'T \gvT er J 



'\g'Ve 



(5.7) 



where Vi are the VEVs of the left-sneutrinos. 
m^Oyc is given as 



and "T-Jo$ is 



m^o^c = 1 



(5.8) 



(5.9) 
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The "Dirac" mass matrix is defined in the usual way: 



(mc). = -^Y^vu. (5.10) 



And, finally, 



M^cg = M^a^ = -^hvs, = -^hvR, M$ = (5-11) 

The matrix, eq. (j5.4p . produces ten eigenvalues with vastly different masses. First, 
since Det(MAr) = 0, one state is massless at tree-level. Then there are two more 
very light states, together they form to a good approximation the three observed, 
light doublet neutrinos. Their masses and mixing will be discussed in detail in the 
next subsection. 

The remaining seven eigenstates are typically heavy. They can be sub-divided 
into two groups: Mainly doublet and mainly singlet states. There are usually four 
states which are very similar to the well-known MSSM neutralinos. Unless Hq is 
large and Xv^ small, mixing between the phino and the higgsinos is small Q and 
there are three singlets. From these singlets, unless (h — X) < vr/vi^, u'^ and S form 
a quasi-Dirac pair, which we will loosely call "the singlino", Si^2 — '^{^'^ T S). 
Note, that this is a different state compared to the NMSSM singlino 1299] which 
corresponds to $ in our notation. 

Which of the seven, heavy states is the lightest depends on a number of unknown 
parameters and can not be predicted. In our analysis below we will concentrate on 
two cases: (a) As in mSugra motivated scenarios. Mi is the smallest mass parameter 
and the lightest state mainly a bino. We study this case in order to work out the 
differences to (i) the well-studied phenomenology of the MSSM; and (ii) to the 
explicit R-parity violating case studied in |267j . The second case we consider is (b) 
the singlino S being the lightest state. This case is interesting, since it is the only 
part of the parameter space, where singlets indeed can be produced and studied at 
accelerators. 



5.4 Neutrino masses 



The smallness of the terms imply that equation (|5.4p has the same structure as 
the analogous equation (|4.18p for the bilinear R-parity breaking model. Therefore, 
one can follow the same approach and find the effective neutrino mass matrix in 
a seesaw-type approximation |297l 1298] . First we define the useful dimensionless 
expansion parameters , which characterize the mixing between the neutrino sector 
and the seven heavy neutral fermion states, the "neutralinos" of the model, 





m3x7 ■ 






the seven 


heavy states of eq. ([^ 


/ M^o 




























Ms<t, 






Ms<t, 





(5.12) 



(5.13) 



^ As in the NMSSM, if the field >I> is light and the coupling ho large, one has five neutralino 
states. 



5. Spontaneous R-parity violation 



59 



and 



^3x7 = ( "^x"'' mo ) 



(5.14) 



Wc have neglected m^o^c in eq. (j5.13p since it is doubly suppressed. The "effective" 
(3, 3) neutrino mass matrix is then given in seesaw approximation by 



-m3x7 • Mfj^ ■ ml^-j. 



(5.15) 



In the following we will use the symbol Nij with i, j = 1, ...7 as the matrix which 
diagonalizes eq. (|5.13|) . Our reduces to the MSSM neutralino mixing matrix 
A^, in the limit where the singlets decouple, i.e. /iq — )- or M$ — >■ oo. It is not 
to be confused with A/", the matrix that diagonalizes Mjv, the complete 10 x 10 
mass matrix of the neutral fermions. After some straightforward algebra S^ij can be 
written as 

where the effective bilinear R~parity violating parameters and are 



and 



A,, 



The coefficients K are 


given as 


1 2g'M2^i 
Aa = a, 




ATa = a, 




A A = -u„a + 7, — : 


Kl 


Aa = Vda+-, 


Kt 


At = ^, 


Kl 







V2 

= eiVd + /iWi. 

JTly 

c AI)ct{MH)a 



(5.16) 
(5.17) 
(5.18) 

(5.19) 



2vu 



Kl 



17$ 6 

2vu ' 



K 



4Det(M/f) 
vrc 
2vu 

c 

2^/2vuV RVis.h h"^ 
2^/2Dci{MH)h^ 

2vu 



{AMiM2fJ-Vu - m^Vdv'^) 



8Det(M//)a 



\/2h 



v^vrvs\ 



The coefficients a, b and c are defined as 



1 



_ (—hvRVs H — Aui 

AV2Bet (Mh) 2 * 



4Det{MH) 



hoVdVu), 



(5.20) 



-vl{2MiM2fi - rUyVdVu). 



Det(MH) 

Dct(M^f) is the determinant of the (7, 7) matrix of the heavy neutral states, 
Det(A'/H) = Y^hnh'^vl [ 4(2AfiM2/i - m^VdVu){-hvRVs + ^At;| + h^VdVu) 



-hom^{v^ - Vd 



2\2 



(5.21) 
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and = v'^ + v'^. The "photino" mass parameter is defined as = g^Mi+g''^M2- 
Note that the K\ and Kl reduce to the expressions of the exphcit bihnear R- 
parity breaking model [258], in the hmit M$ oo and in the hmit h,ho 0, 
i.e. b = c = 0. 

The effective neutrino mass matrix at tree-level can then be cast into a very 
simple form 

- (?</j:)ij = aA^Aj + b{e,Aj + e^Ai) + ceiej . (5.22) 

Equation (|5.22p resembles very closely the corresponding expression for the explicit 
bilinear R-parity breaking model, once the tree-level and the dominant 1-loop con- 
tributions are taken into accoun t 12661 12581 1259j . Eq. (j5.22p reduces to the tree-level 
expression of the explicit model □ 

in the limit M$ oo and in the limit h, Hq — > 0. Different from the explicit model, 
however, the spontaneous model has in general two non-zero neutrino masses at 
tree-level. With the lightest neutrino mass zero at tree-level, the s-fi.p model could 
generate degenerate neutrinos only in regions of parameter space where the two tree- 
level neutrino masses of eq. (|5.22[) are highly fine-tuned against the loop corrections. 
We will disregard this possibility in the following. 

Neutrino physics constrains the parameters and e^. The mass matrix in 
equation (|5.22p must reproduce the current data on neutrino masses and mixing 
angles. In particular, one must correctly fit the solar and atmospheric mass scales. 
However, in the spontaneous model there is no a priori reason which of the terms 
gives the dominant contribution to the neutrino mass matrix, thus two possibilities 
to fit the neutrino data exist: 

• case (cl) A generates the atmospheric mass scale, e*the solar mass scale 

• case (c2) e generates the atmospheric mass scale, A the solar mass scale 

The absolute scale of neutrino mass requires both |A|//i and |e|//i to be small, the 
exact numbers depending on many unknown parameters. For typical SUSY masses 
order 0(100 GeV), \A\/fj.^ - 10"^- 10"^ If some of the singlet fields are light, 
i.e. have masses in the range of 0(0.1 — few) TeV, also |ei//i| can be as small as 
|e|//i ^ 10~^-10~^. On the other extreme, independent of the singlet spectrum, 
\e\/n can not be larger than, say, \e\/ n ~ 10""^, due to contributions from sbottom 
and stau loops to the neutrino mass matrix |266l 12581 1259| . 

The observed mixing angles in the neutrino sector then require certain ratios for 
the parameters Ai/Aj and Ci/ej. This can be most easily understood as follows. As 
first observed in [211) . the so-called tri-bimaximal mixing pattern 




is a good first-order approximation to the observed neutrino angles. In case of 
hierarchical neutrinos 7^*"^ = (0, m, M), where m (M) stands for the solar (atmo- 
spheric) mass scale, rotating with [/TBM ^.^ ^-j^g flavor basis leads to the following 
neutrino mass matrix 

" ( m m m 

- I m m m I . (5.25) 
\ m m m 




^ In the definition of the coefficient a given in | 297| there is a relative sign to the corresponding 
definition for the explicit case 12581 . 
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In case the cocfRcient b in equation (|5.20p is exactly zero, i.e. for tan/3 = 1, the 
model would produce a tri-bimaximal mixing pattern for Ae = 0, = — A^ and 
Ee = = e^, in case (i). For case (ii) the conditions on A^ should be exchanged 
with the conditions for the and vice versa. 

In reality, since tan /3 ^ 1 in general, neither is b exactly zero, nor need the 
neutrino mixing angles be exactly those of eq. (|5.24p . One then finds certain 
allowed ranges for ratios of the A^ and e^. In case (i) one gets approximately 



\ / A 2 I A 2 / 



A2+A2' 



tan^ 9i3 



(5.26) 



tan 



Here, e = J7j • e*with {U,yY' being the matrix which diagonalizes the (3, 3) effective 
neutrino mass matrix. In case (i) {U^)^ is (very) approximately given by 
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|A| 
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AeAx 



^/A^^A|^|A| 
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Va^TaI" 

|A| 



Va^TaI^Iai 

A,. 

\/a^Pa|" 

Ax 
|A| 



(5.27) 



Note that Uj^ is the matrix which diagonalizes only the part of the effective neutrino 
mass matrix proportional to A^Aj. Again, for the case (ii) replace A^ Ci in all 
expressions. 



5.5 Scalar sector 

The scalar sector of s-fi,p has many unconventional properties, leading to a collider 
phenomenology different from what is expected in the MSSM. It is very important to 
study in detail the possible deviations from the standard phenomenology, in order 
to be ready for new signatures. In fact, the well established Higgs boson search 
strategies for the LHC might need to be changed if s-fip is realized in nature and 
we live in a region of parameter space far from the MSSM. For detailed works on 
the scalar sector in s-fi.p see references [2971 1298] , where most of the material in this 
section is taken from. 

From a phenomenological point of view the most important difference between 
the scalar sectors of spontaneous and explicit R-parity violating models is the ap- 
pearance of the majoron. As will be shown below, this models naturally leads to a 
singlet majoron, evading the strong experimental constraints. 

We can follow the general procedure described in reference |300| and evaluate 
the second derivatives of the scalar potential |297| at the minimum. In s-fi,p this 
results in 8 X 8 mass matrices for the real and imaginary parts of the neutral 
scalars. The pseudo-scalar sector of the model we consider has eight different 
eigenstates. Two of them are Goldstone bosons. The standard one is eaten by 
the boson, the remaining state is identified with the majoron. In the basis 

= (i^5^ i>i^ i}^', i>3^, $^ S', V^^) these fields are given as. 

Go = {NoVd,~NoVu,Nov,,NoVp„NoVr,Q.Q,Q) (5.28) 

J ^ Ni{-NiVd,NiVu,N2Ve,N2Vi,,N2Vr,0,N3Vs,~N3VR) 
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where the normahzation constants Ni are given as 

No = ^ 



iVi = vj+vl + vl 
N3 = Ni+ N2 

N4, = ^ (5.29) 

and can easily be checked to be orthogonal, i. e. they satisfy Go • J = [297] . 

It is useful to have an approximation for the majoron profile. In the limit 
Vi vn, vs this is given by the simple expression 

(0,0,^,0,^,-^). (5.30) 



Here, V ~ -^/w^ + w| and terms of order y^, where = J^i'^h have been ne- 
glected. 

From equation (|5.30p one can see that, apart from the negligible components in 
the left-handed sneutrino directions, the majoron is mainly given as a combination 
of the CP-odd components of the S and i''^ fields. In conclusion, the s-fi.p majoron 
is a mixture of gauge singlet states, as needed to evade LEP and astrophysical 
boundf[f|. 

In addition to the massless majoron, there are considerable parts of the pa- 
rameter space where one also finds a rather light singlet scalar, called the "scalar 
partner" of the majoron in [298], Sj. Different from the majoron, however, there is 
no simple analytical approximation for Rs , ■ This state will be very important when 
we discuss invisible LSP decays, since it decays to a pair of majorons, Sj — >■ J J, 
with a branching ratio very close to 100%. 

Finally, although it is not our purpose to review the phenomenology of the scalar 
sector in detail, that was worked out in references j297U298] . we must comment on 
an important result concerning Higgs boson decays into majorons. This is one of 
the best examples that clearly show how the phenomenology in the scalar sector 
might be totally modified. 

Let us consider the ratio 

Tjh ^ J J) 

^ Tih ^ hi) 

of the Higgs invisible decay to the Standard Model decay into b-jets. This quantity 
measures the departure from the SM branching ratio. The smaller Rj\, is the closer 
we are to the standard phenomenology. 

In order to compute this quantity one has to look separately at the decay widths, 

T{h ^ J J) = (5.32) 
327rm/i 



and 



1 



mb_ 
rrih 



3/2 



(5.33) 



For comparison purposes, let us mention that the majoron profile in the model of reference 
|275l is given by J = Ira {^2^ vJ^'^L ~^ ^('"d^d ~ ^"^S)) ' ^^^'^ '^1 ^ doublet majoron. 
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Fig. 5.1: Ratio Rjb, defined in equation (|5.31|) . as a function of . a) To the left, for differ- 
ent values of the parameter h, from top to bottom: h = 1, 0.9, 0.7, 0.5, 0.3, 0.1. 
b) To the right, for different values of the parameter vr = vs'- —vr = 
150, 200, 300, 400, 600, 800, 1000 GeV. This is the main result of [2971. 



where gf^jj is the — .J — J coupling and Rfi is the component in the 
direction. 

In general, these two decay widths depend on many unknown parameters and 
one cannot give a definite prediction for their values. In addition, if one wants 
to enhance the branching ratio for h — J J by enlarging its singlet component, 
the Higgs boson production cross section becomes very suppressed. However, it 
is possible to find large regions in parameters space where (a) there is a large hP 
doublet component, called here 77, and (b) the decay into majorons is dominant. 
This important result is shown in figure 15.11 taken from reference |297j . which 
shows explicitly that i?jf, > 1 is possible even for 77 ~ 1. This implies that the 
lightest Higgs boson can decay mainly invisibly into a pair of majorons and, at 
the same time, have a production cross section essentially equal to the standard 
(MSSM) doublet Higgs boson production cross section. 

5.6 Phenomenology at colliders 

In this section we discuss the phenomenology of a neutralino LSP in s-fi.p at fu- 
ture colliders |289l 0. We do not attempt to do an exhaustive study of the (quite 
large) parameter space of the model. Instead we will focus on the most important 
qualitative differences between s-fip , the previously studied case of explicit bilinear 

UMlllSSllinTlllTnilin] and the MSSM. All numerical results shown below have 
been obtained using the program package SPheno |301j . extended to include the 
new singlet superfields V'^, S and $. 

Unless mentioned otherwise, we have always chosen the fip parameters in such 
a way that solar and atmospheric neutrino data |135j are fitted in the correct way. 
The numerical procedure to fit neutrino masses is the following. Compared to the 
MSSM we have a number of new parameters. For the superpotential of eq. (|5.ip 
these are ho, h and A, as well as the neutrino Yukawas Y^. In addition, there are 
in principle also the soft SUSY breaking terms, which generate non-zero VEVs, 
vb., Vs, and Vi for j/"^, S, $ and i>i, respectively. We trade the unknown soft 
parameters for the VEVs. For any random choice of MSSM parameters, we can 
reproduce the "correct" MSSM value of fi for a random value of by appropriate 
choice of Hq. For any random set of h, A, vs and vu, we can then calculate those 

* In order to make the notation simpler, this section will use the simplifications Xi = Xi, ^ = 
and W = W°. 
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values of and Vi, using eq. (|5.22p . such that the corresponding and give 
correct neutrino masses and mixing angles. There are two options, how neutrino 
data can be fitted, i.e. the cases (cl) and (c2), defined in section [531 We discuss 
the differences between these two possibilities below. 

In the following we will study only two 'limiting' cases, which we consider to be 
the simplest possibilities to realize within the parameter space of the model: (a) a 
bino-like LSP and (b) a singlino LSP. We note, however, that theoretically also other 
possibilities exist at least in some limited parts of parameter space. For example, 
one could also have that the phino, $, is the lightest Rp odd state. However, 
with the superpotential of eq. (|5.ip . for any given value of fi, has a minimum 
value. Since the product Xv^ also determines approximately the phino mass, a very 
light phino requires a certain hierarchy A ^ hQ,h, which might be considered to 
be a rather special case. Also in mSugra in the region where mg is large one can 
find points in which /i ^ Mi and the lightest (MSSM) neutralino has a significant 
higgsino component. 

5.6.1 LSP production 

Since neutrino physics requires that the R-parity violating parameters are small, 
supersymmetric production cross sections are very similar to the corresponding 
MSSM values, see for example [302j and references therein. Over most of the MSSM 
parameter space one expects that mainly gluinos and squarks are directly produced 
the LHC and that the lightest neutralinos appear as the "final" decay products at 
the end of possibly long decay chains of sparticles. In addition charginos, neutralinos 
and sleptons can be produced directly via Drell-Yan processes provided that they 
are relatively light. 

Cross sections for direct production of singlinos are always negligible. There 
are essentially two possibilities how singlinos can be produced in cascade decays. 
Firstly, a somewhat exotic chance to produce singlinos occurs if at least one of the 
MSSM Higgsinos is heavier than $ and both ho and h are large. In this case Si 
appear in decay chains such as Hu.d ^ $ + — J- 5 + X2, where Xi denotes the 
additionally produced particles. Secondly, there is the possiblity that singlinos are 
the LSPs. Squarks and gluinos will then decay fast to the NLSP, which then decays 
to S. A typical decay chain might he q^q + B^q + Si^2 + J- Other NLSPs such 
as, fi will decay mainly via fi — > 5i,2 + t, i.e. again ending up in singlinos. The 
total number of singlino events therefore will be simply approximately equal to the 
number of SUSY events for singlino LSPs. 

5.6.2 LSP decays 

Here we will discuss the main decay modes of bino and singlino LSPs. For a qualita- 
tive understanding of the results, which are based on exact numerical computations, 
the approximate formulas for the neutralino couplings in appendix El are helpful. 

We will first discuss the parameter range, where m^o > mw±, such that two- 
body decays of Xi to gauge bosons are kinematically allowed. Figure 15.21 shows an 
example of the three lightest neutralino mass eigenvalues (left) and the main decay 
modes of Xi (right) as a function of -^i for fixed values of all other parameters. 
This point has been constructed in such a way, that the MSSM part of the spectrum, 
all production cross sections and all decay branching ratios, apart from the lightest 
neutralino decays, match very closely the mSugra standard point SPSla' [302) . 
Here, vr = vs = ^ TeV has been chosen as an arbitrary example, but the result 
can be also obtained for other values of these two VEVs. 

The left part of figure 15.21 shows how the quasi-Dirac pair 5i_2 evolves as a 
function of For low values (i.e. < Mi) of this parameter combination Si is 
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90 100 110 120 90 100 110 120 

hv,s,/^/2 [GoV] hvi,/^/2 [GcV] 



Fig. 5.2: Masses of the three hghtest neutralinos (left) and branching ratios for the most 
important decay modes of the hghtest state (right) versus -^hv<s, for a specific, 
but typical example point. The MSSM parameters have been adjusted such that 
the sparticle spectrum of the standard point SPSla' is approximately reproduced. 
The singlet parameters have been chosen randomly, vr — vs = 1 TeV, e and A 
have been fitted to neutrino data, such that A generates the atmospheric scale 
and e the solar scale. For a detailed discussion see text. 



the LSP, for large values a i? is the LSP. The right side of the figure shows the 
final states with the largest branching ratios. For low values of the LSP mass, 
J/ Sj + is usually the most important, i.e. there is a sizeable decay to invisible 
final states, even for a relatively high v^, sec also the discussion for figure [5751 Next 
in importance are the final states involving and charged leptons. Note, that 
the model predicts 

E.i?r(x;^Z° + ^0 _ g 
2E^Br{x^^W+ + 1-) Acos-'dw ^' ' 

with g being a phase space correction factor, with g — > 1 in the limit to^o — > oo [63j . 
Equation (j5.34p can be understood with the help of the approximative couplings 
(jA.3|) and (jA.6p . The relative size of the branching ratios for the final states W + e, 
W + n and W + t depends on both, (a) the nature of the LSP and (b) the fit to 
the neutrino data. We will discuss this important feature in more detail in section 
[53:1 

Generally, for m^o > m\Y± three-body final states of the neutralino decay are 
less important than the two-body decays shown in figure 15?^ Especially one expects 
that the final state I'bb has a smaller branching than in the case of explicit fi.p |267) . 
This is essentially due to the fact, that |e|//x is smaller in s--^pwith a "light" singlet 
spectrum than in a model with explicit bilinear fip , simply because in s-fi.p it enters 
the neutrino mass matrix at tree-level while in b-J^p it only appears at the 1-loop 
level. A smaller |e|/// leads to smaller couplings between Xi ^ I ^ I, Xi ^ Q and 
especially Xi ~ ~ h'^j see also couplings in |267j . We have checked numerically, 
that Br{xi v + /i°), if kinematically open, is typically below 1% for singlets in 
the O(TeV) range. 

For the case of m^o < figure [5T3l shows an example for the most important 

final states of the lightest neutralino decay as a function of -^t. As in the figure 
15.21 to the left the lightest neutralino is a singlino, to the right of the "transition" 
region the lightest neutralino is a bino. Note that the point SU40 produces a bino 

^ Benchmark point defined by the ATLAS collaboration at the Rome meeting, 2004. 
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Fig. 5.3: Branching ratios for the most important decay modes of the hghtest neutrahno 
state versus -^hv<s> for a specific, but typical example point. The MSSM pa- 
rameters have been adjusted such that the sparticle spectrum of the standard 
point SU4 is approximately reproduced. The singlet parameters have been cho- 
sen randomly, vr — vs ~ 1 TeV, e and A have been fitted to neutrino data, 
such that A generates the atmospheric scale and e* the solar scale. The different 
final states are as follows. In the left figure, as ordered on the right side, from 
top to bottom the lines are Br{xi — ^ [invisible]) (full line, blue), Br{xi — >■ W?') 
(short-dashed, red), Br{xi — >■ Tqq') (large-dashed, light blue), Br{xi — ^ I'I'j) 
(full, yellow), Br(xS -> M) (full, pink) and Br{xi eqq') (full, green). In 
the right figure, purely leptonic modes, from top to bottom (on the right side): 
Br{xi — >■ '^(J'T) (full, yellow), Br{xi — >■ uefi) (dashed, green), Br(xi — >■ i^er) 
(full, red), Br{xi — >■ '^MA') (dashed, light blue), Br{xi — >■ i'tt) (full, pink) and 
Br{xi — >■ i^ee) (dashed, darker blue). For a detailed discussion see text. 



mass of approximately m^j ~ 60 GeV, thus the only two body decay modes which 
are kinematically allowed are J + v and - very often, but not always - Sj -\- v. One 
observes that these invisible decay modes have typically a larger branching ratio 
than in the case m^o > m-^± shown in figure [57^ This fact is essentially due to the 
propagator and phase space suppression factors for three body decays. For a bino 
LSP the invisible decay has the largest branching fraction. Semileptonic modes are 
next important with typically liqq' being larger than vqq. It is interesting to note, 
that in the purely leptonic decays, lepton flavor violating final states such as /ir 
have branching ratios typically as large or larger than the corresponding charged 
lepton flavor diagonal decays (/i/i and tt). These large flavor off-diagonal decays 
can be traced to the fact that neutrino physics requires two large mixing angles. The 
branching ratios shown in flgurc 15.31 should be understood only as representative 
examples - not as flrm predictions. Especially for the case of a bino LSP, the partial 
width to the flnal state J + i.e. invisible final state, can vary by several orders 
of magnitude, see the discussion below. The predictions for relative ratios of the 
different (partially or completely) visible final states is fixed much tighter, because 
these flnal states correlate with neutrino physics, as we discuss in section [5.6.41 

If the S is the LSP, a bino NLSP decays dominantly to the singlino plus missing 
energy, as is shown in figure 15.41 The final state can be either Si + J or Si + 2 J, 
the latter due to the chain B ^ 52 + J — )• 5i -I- 2 J, where the 2nd step has always a 
branching fraction very close to 100%. However, a special opportunity arises if h is 
low. In this case Br[y^ ~ B ^ + If) can easily reach several percent and 
it becomes possible to test the model with the bino decays and the singlino decays 
at the same time. This would allow a much more detailed study of the model 



See 13031 . The values of the SU4 mSUGRA parameters can be also found at 
https: / / twiki.ccrn.ch/twiki/bin / view / Atlas/SusyPublicResults. 
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Fig. 5.4: Sum over Br{x3 ~ B — > + versus h for MSSM parameters resembling 
the standard point SPSla', random values of the singlet parameters and with the 
condition of Si being the LSP. The dominant decay mode for the B in all points 
is B ^ Si + $ , with the missing energy due to either J or 2J emission. For low 
values of h one can have visible decays of the B reaching (20 — 30)%, for h larger 
than, for say, h = 0.05 B decays to Si plus missing energy with nearly 100%. 



parameters than for the more "standard" case where only either singlino or bino 
decay visibly. We note that for any fixed value of h, ^'"(Xs — B ^ + If) 
depends mostly on vr (and to some extend on w^). Low values if vr lead to low 
J2i Br{x3 — S — > W"^ + If) as we wiU discuss next. 

Figure 15.51 shows the sum over all at least partially visible decay modes of the 
lightest neutralino versus in GcV, for a set of f$ values = 10 — 40 TeV for 
the mSUGRA parameter point (mo = 280 GcV, TOi/2 = 250 GeV, tan/3 10, 
Aq = —500 GeV and sgn(/i) — +). This point was constructed to produce formally 
a ri^o/i^ ~ 1 in case of conserved R-parity, much larger than the observed relic DM 
density [254] . The left plot shows the case Xi — B, the right plot Xi — S. For B, 
Br{B J + ly) very close to 100 % are found for low values of vu- This feature is 
independent of the mSugra parameters, see the correspoding figure in |291j . In this 
case large statistics becomes necessary to find the rare visible neutralino decays, 
which prove that R-parity is broken. The inconsistency between the calculated 
Q,^oh^ and the measured flcoAih^ might give a first indication for a non-standard 
SUSY model. 

Figure [531 to the right shows that the case Xi — S has a very different depen- 
dence on vh- We have checked that this feature is independent of the mSugra point. 
For other choices of mSugra parameters larger branching ratios for Br{S — > J + z^) 
can be obtained, but contrary to the bino LSP case, the sum over the invisible decay 
branching ratios never approaches 100 %. 

Figure 1^751 shows the calculated decay lengths for the lightest neutralino for the 
same choice of parameters as shown in figure 15.51 To the left the case Xi — B, to 
the right Xi — ^- Decay lengths depend strongly on vr. Singlinos tend to have 
larger decay lengths than binos for the same choice of parameters. However, a 
measurement of the decay length alone is not sufficient to decide whether the LSP 
is a singlino or a bino. If the nature of the LSP is known, observing a finite decay 
length allows a rough estimate of the scale vn, or at least to establish a rough lower 
limit on Vfj. 

Summarizing this discussion, it can be claimed that observing a decay branch- 
ing ratio of the LSP into completely invisible final states larger than Br(x5 — ^ 
^[invisible]) > 0.1 is an indication for s-J^^. Finding Br(xi —J- [i'^'^isible] ) — 100% 
shows furthermore that the Xi must be a bino and measuring Br(x]' — ^[visible]) 
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vr = vs [GcV] vr = vs [GcV] 



Fig. 5.5: Sum over all at least partially visible decay modes of the lightest neutralino 
versus vr in GeV, for a set of values v<s> = 10-40 TeV for the mSUGRA 
parameter point mo = 280 GeV, mi/2 = 250 GeV, tan/3 = 10, Aq = —500 
GeV and sgn{ii) = +. To the left Xi - B; to the right Xi - 5. The plot 
demonstrates that the branching ratio into B ^ J + v does depend strongly 
on the value of vr and to a minor extend on Lowering vr one can get 
branching ratios for the invisible decay of the B very close to 100 %, thus a very 
MSSM-like phenomenology. This plot can be also found in figure where the 
different values for v<s> are also indicated. The right plot demonstrates that such 
a possibility does not exist in the case of an 5 LSP. 
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Fig. 5.6: Decay length of the lightest neutralino in meter versus vr. To the left: Bino 
LSP; to the right: Singlino LSP. All parameters have been chosen as in figure 
[531 
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for a bino LSP gives an order-of-niagnitudc estimate of vr. 

5.6.3 Possible obscrvablcs to distinguish between Singlino LSP and bino LSP 

Since bino and singlino LSP decays have, in principle, the same final states, simply 
observing some visible decay products of the LSP does not allow to decide the 
nature of the LSP. In this subsection we will schematically discuss some possible 
measurements, which would allow to check for the LSP nature. 

As shown above, if the singlino is the LSP and the bino the NLSP, one can 
have that the bino decays to standard model particles competing with the decay 
to the singlino LSP. If both particles, the bino and the singlino LSP have visible 
decay modes, it is guaranteed that the singlino is the LSP. If the bino decays only 
invisibly to the singlino, a different strategy is called for. We discuss two examples 
in the following. 

In the following discussion we will replace the neutralino mass eigenstates by the 
particles which correspond to their main content to avoid confusion with indices. At 
the LHC one will mainly produce squarks and gluinos which will decay in general 
in cascades. A typical example is ql — > qW and the wino decays further to a bino 
LSP as for example: 



In this case one can measure in principle the neutralino mass from the first de- 
cay chain. In the invariant momentum spectrum of the e~^e~ pair the edge must 
correspond to this mass. In the case of the singlino 



In this case one has on average more missing energy than for a bino LSP. However, 
in both cases one can study spectra combining the jet stemming from the squark 
and the e"*"e~ pair and obtain information on the masses from the so-called edge 
variables |304j . In addition one can use additional variables like, for example, mT2 
[3051 13061 13071 [505] to obtain information on the LSP mass. Note, that this variable 
works also if there are additional massless particles involved, although at the expense 
of available statistics [309] . In addition one can obtain the invariant mass of the LSP 
from the final state ^qq. In the case where the LSP has a decay length measurable 
at the LHC, one can separate the latter decay products from the other particles in 
the event and, thus, reduce considerably the combinatorial problems associated with 
the correct assignment of the jets. In the case of a bino LSP one would find that all 
the three different measurements yield the same mass for the LSP. In the case of a 
singlino LSP, on the other hand, one would obtain that the LSP mass reconstructed 
from the edge variables does not coincide with the mass reconstructed from the fiqq 
spectrum. This would indicate that there are two different particles involved. (Such 
a difference might also be visible in the mT2 variable.) However, in all cases detailed 
Monte Carlo studies will be necessary to work out the required statistics, etc. 

Distinguishing bino and singlino LSPs will become considerably easier at a future 
international linear collider. In e^e~ one can directly produce a bino LSP but not 
a singlino LSP and, thus, the identification of the correct scenario should be fairly 
straightforward. 

5.6.4 Correlations between LSP decays and neutrino mixing angles 

Correlations between LSP decays and neutrino mixing angles depend on the nature 
of the LSP. Above we have discussed some possible measurements which, at least 



W e'^e — ?> e e^B — > e e'^ jjqq 



(5.35) 
(5.36) 



W -> e+e e e^B e e^JS e e^J^qq 
W e+e~ e^e^B -> e^e^JS ^ e^e^JJv 



(5.37) 
(5.38) 
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in principle, allow to distinguish bino from singlino LSPs. In this subsection we 
assume that the nature of the LSP is known. 

Bino LSP 

We note that the following discussion is valid also if the bino is the NLSP which, as 
discussed above, decays with some final, but probably small percentage to visible 
final states. 

In explicit bilinear R-parity violation the coupling of the bino component of the 
neutralino to gauge bosons and leptons is completely dominated by terms propor- 
tional to Ai, as has been shown in |267| . Although the coefficients for the spon- 
taneous model are more complicated, see the discussion in appendix \X[ generation 
dependence for the coefficients for the coupling — — li appear only in the terms 
Ai and ci, i.e. K\ and are independent of the lepton generation. Numerically 
one finds than that the terms proportional to A.^ dominate the Xi ~ ^ ~ h coupling 
for a bino LSP always. This is demonstrated in figures ISTtI and [5751 Here we have 
numerically scanned the mSugra parameter space, with random singlet parameters 
and the additional condition that the LSP is a bino. For the left (right) figures we 
have numerically applied the cut > 0.5 (Nfi > 0.9). 

Figure Em [ 15. 8| shows the ratio of branching ratios Br{B W + e)/Br{B 
W + n) [Br{B W + n)/Br{B W + t)] versus [K/Kf [{K/J^rf\- To 
establish a correlation between ratios of A^ and the bino decay branching ratios, 
a bino purity of > 0.5 is usually sufficient. The figures demonstrate that the 
correlations get sharper with increasing bino purity. 

We have checked that for neutralinos with mass lower than mw one can use 
ratios of the decays B — > liqq' for the different li in the same way to perform a 
measurement of A^ ratios. Plots for this parameter region are rather similar to the 
ones shown for the case B kW, although with a somewhat larger dispersion, and 
we therefore do not repeat them here. 

With the measurement of ratios of branching ratios different consistency checks 
of the model can be performed. In case (cl), i.e. A explaining the atmospheric 
scale, the atmospheric and the reactor angle are related to -I- / final states, as 
shown in figure 15.91 Here we show the ratios 72.^ = g^|^ul^^|^j versus tan^ 623 
(left) and TZe = Br{xi^eW) versus sin^ Oi^ (right) for a bino LSP, 

for an assumed bino-purity of Nfi > 0.8. The vertical lines are the 3cr c.l. allowed 
experimental ranges (upper bound), horizontal lines the resulting predictions for 
the two different observables TZ. Given the current experimental data, one expects 
''J^^A'1''Z\ in the range [0.4,2.1] and ^ Brjx^-^eW) ^ ^ 

Brix'l^rW) S L J J ^ Br{x'l^fJ.W)^ + Br{x^l^rWy " 

Different from figure [^791 in case of (c2), i.e. A explaining the solar scale, the 
ratio ; „ Br{xi^eW) correlates with tan^ 0i2 , as shown in figure 15.101 

Br{x'l^fJ.W)^ +Br{x'I^TWy ' ' ' 

Therefore, from the 3cr c.l. allowed range of the solar angle as measured by os- 
cillation experiments one expects to find Brjxi^eW) ^ [0.25,0.851. 

Br{x'l^p.Wy+Br(x°i^TWy ^ ' 

Finding this ratio experimentally to be larger than the one indicated by the solar 
data, i.e. Br{xi^eW) ^ rules out the model as the origin of the 

' Br{x°i^fJ.Wy +Br{x'l^rW)^ ' 

observed neutrino oscillation data. Similarly a low (high) experimental value for 
this ratio indicates (for a bino LSP) that case (cl) [(c2)] is the correct explanation 
for the two observed neutrino mass scales. 
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Fig. 5.7; Ratio versus {Ke/f^^f for a bino LSP. To the left: "Bino-purity" 

A^n > 0.5, to the right: TVn > 0.9. AU points with tulsp > mw 
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Fig. 5.8: Ratio lll'^CtZ] ^^^^^^ (^m/A^)^ for a bino LSR To the left: "Bino-purity" 
iVfi > 0.5, to the right: iVfi > 0.9. 
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LSP. "Bino-purity" > 0.8. Vertical lines are the 3a c.l. allowed exper- 
imental ranges, horizontal lines the resulting predictions for the fit (c2), see 
text. 
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Fig. 5.11: Ratio Z[^Z%] (1^^) versus {e,/e,f and (right) versus {e./e^f 

for a "singlino" LSP. 



Singlino LSP 

Different from the bino LSP case, for singlinos coupling to a lepton h-W pair terms 
proportional to dominate by far. This is demonstrated in figure 15. Ill where 
we show the ratios f^[^u^^^j (left) versus (ee/e^)^ and %1\^oZtvP) ('"ight) versus 
(e^/ei-)^ for a singlino LSP. Note that mixing between singlinos and the doublet 
neutralinos of the model is always very small, unless the singlino is highly degenerate 
with the bino. Consequently singlinos are usually very "pure" singlinos and the 
correlations of the h-W with the e; ratios is very sharp. 

Depending on which case, (cl) or (c2), is chosen to fit the neutrino data, the 
corresponding ratios of branching ratios are then either sensitive to the atmospheric 
and reactor or the solar angle. This is demonstrated in figures 1 2 1 and [5.131 Here, 
figure 15.121 shows the correlation of TZ^ = Br(xi^eW) with tan^ 0i2 

for the fit (cl). This result is very similar to the one obtained for the fit (c2) and 
a bino LSP. For this reason the nature of the LSP needs to be known, before one 
can decide, whether the measurement of a ratio of branching ratio is testing (cl) or 
(c2). 

Figure 15.131 shows the dependence of 7^^ = g^WiI^^^j versus tan^ 623 (left) 
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Fis. 5.12: Ratio TZe = Br(xi^sW) versus tan^ = tan^ 612 for a sinslino 

^ yflr(x;^MW-)2 + Sr{x0^rW)2 U 1/ 6 

LSP. Vertical lines are the 3a c.l. allowed experimental ranges, horizontal lines 
the resulting predictions for the fit (cl), see text. 




Fig. 5.13: Ratio TZ^ = g^^^il^^^j versus tan^ 6'.4tm = tan^ ^23 (left) and TZe ~ 

Br(x-i^£W) versus sin^ On = sin'^ 9ia (right) for a singlino LSP. 

Vertical lines are the 3a c.l. allowed experimental ranges, horizontal lines the 
resulting predictions for the fit (c2), see text. 
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and TZe = , „ Br{xi^eW) versus sin^ 6*13 (right) for a singhno LSP, 

using the neutrino fit (c2). Again one observes that this result is very similar to 
the one obtained for a bino LSP and fit (el). This simply reflects that fact, that 
neutrino angles can be either fitted with ratios of or with ratios of and singlinos 
couple mostly proportional to e^, while binos are sensitive to A^. 

Similar correlations can be found for scenarios with m^o < mw. In this case 
one must look at three-body decays like Xi ~^ Qq'U, which are mediated by virtual 
W bosons. 

Let us finally point out that in case the singlino is the LSP and the bino, as 
the NLSP, decays with some measurable branching ratios to W — k, both A^ and e,; 
ratios could be reconstructed, which would allow for a much more comprehensive 
test of the model. 



5. 7 Phenomenology at low-energy experiments 

Now we will discuss the phenomenology at low-energy experiments. The presence 
of a massless particle, the majoron, gives rise to new processes like /i — > eJ and 
/i eJ7, providing additional information not present in collider experiments [290) . 

Majorons are weakly coupled, thus potentially lead to a decay mode for the 
lightest neutralino which is invisible. As demonstrated in section I5.6.2[ this new 
decay mode can be dominant in some regions of parameter space, making the model 
indistinguishable from the MSSM with conserved R-parity. Here we extend the 
argument and look for additional signatures at low-energy experiments. 

Neutralino-Majoron couplings can be calculated from the general coupling x° — 
X° — P°, see appendix]^ Mixing between the neutralinos and the neutrinos then 
leads to a coupling 'x^ — Vk — J which, in the limit vr,vs 3> ei,Wi, can be written 
as [289] 

\Oxl.,j\ ^ -yNu + ^{g'Nn - gN,^) + ■■■ , (5.39) 

For the notation see appendix|Xl In addition to the majoron there is also a rather 
light singlet scalar, called the "scalar partner" of the majoron in |298| . Sj. The 
lightest neutralino has a coupling O^o^^g^, which is of the same order as O-^o^^j. 
Since Sj decays to nearly 100 % to two majorons, this decay mode contributes 
sizeably to the invisble width of the lightest neutralino, for more details see |289| . 

The decays k — > J can be calculated from the general coupling xt ^Xj ~Pk- In 
the limit of small R-parity violating parameters the relevant interaction lagrangian 
for the li — J — Ij coupling is given by 

^ = hiOT!^jPL + 0^jPn}l,J (5.40) 

with 



Ofi^v = -^^[^<5.. + ^(CiA,A,+C2e,e,+C3A,e,+C4e,A,j 

O^. - {OZjT- (5-41) 
The C coefficients are different combinations of MSSM parameters 

(,2 

Ci = ^^i-g^vavl-VdiJ^ + VuM2ti) (5.42) 

Dct-|_ 2Det+ 
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Fig. 5.14: Feynman diagrams for the decay fi — >■ eJ'y. As in the standard model radiative 
decay fi — >■ ei?i^7 these diagrams contain an infrared divergence for — 0, see 
text. 



where Det+ is the determinant of the MSSM chargino mass matrix Det+ = — 
^g^VdVu- Eq. (j5.4ip shows that one expects large partial widths to majorons, if Vn 
is low. 

For a charged lepton li, with polarization vector Pi, the decay h — > IjJ has a 
differential decay width given by 

+ \On%j\^{^^l + T (m? - cose) (5.43) 



RAjJl V'H ^ '"-J 

,ccp * 

LijJ '■^B.ijJJ 



where 9 is the angle between the polarization vector Pi and the momentum pj of 
the charged lepton in the final state, and Pi = \Pi\ is the polarization degree of the 
decaying charged lepton. 

In the limit rrij ~ the expression (|5.43p simplifies to 

^£(^:lM = Z^|0-P |2(i±p (544) 
dcose* 647r' ^'-J"" V » ; y 1 

since jO^^^^jp oc {Y'!^)'^ cx m|. The angular distribution of the majoron emitting 
lepton decay is thus very similar to the standard model muon decay |44| . up to 
corrections of the order (mj/m;)^, which are negligible in practice. 

We next consider the decay fj. e J7 which might be more interesting due to the 
existent experiments looking for /i — > cjl. It is induced by the Feynman diagrams 
shown in figure 15.141 

In the approximation me — the partial decay width for the process /x — )■ e J7 
can be written as 

r(/i -> eJ7) = -^^\0''^f^^j\^mfj:{x^in,yrmn) (5.45) 
where I{xmin,ymin) IS a phase space integral given by 

I(2^mm,2/mm) = [ dxdyf{x,y) ^ [ dxdy^—^^j^ — v) ^ (5.46) 

J J y\^-x-y) 



° Formulas for the radiative majoron decays of the t can be found from straightforward replace- 
ments. 
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the dimcnsionless parameters a;, y are defined as usual 

2£'e 2E^ . 

X = — - , y = — ^ (5.47) 

and Xmin and j/mm are the minimal eleetron and photon energies measured in a 
given experiment. 

Note that the integral I{xmin,ymin) diverges for ymin = 0. This infrared 
divergence is well-known from the standard model radiative decay ^ — >■ evv^ 
[3101 13111 13121 1313j , and can be taken care off in the standard way by introducing 
a non-zero photon mass m^. Note that in the limit — there also appears a 
colinear divergence, just as in the SM radiative decay. Since in any practical exper- 
iment there is a minimum measurable photon energy, ymin, as well as a minimum 
measurable photon-electron angle (Oe-y), neither divergence affects us in practice. 
We simply integrate from the minimum value of y up to ymax when estimating the 
experimental sensitiviy of Br{fj. — > e J7) on the majoron coupling. 

In the calculation of the integral I{xmim Umin) one has to take into account not 
only the experimental cuts applied to the variables x and y, but also the experi- 
mental cut for the angle between the directions of electron and photon. This angle 
is fixed for kinematical reasons to 



^ ^ 2-2{x + y) 



(5.48) 
xy 

This relation restricts Xmax to be Xmax < 1 as a function of y (and vice versa) and 

to Xmax < 1 for COS > — 1. 

Using the formula for — > eJ), in the approximation me ~ 0, 



r(M^ej) = ^|o-;,,p (5.49) 

one finds a very simple relation between the two branching ratios 

Br{^ eJ'f) = —I{xm.in,ymin)Br{fi -> eJ). (5.50) 

ZTT 

We will use eq. (j5.50p in section 15.7.21 when we discuss the relative merits of the 
two different measurements. 



5.7.1 Numerical results 

As in the collider phenomenology section, all numerical results shown in this section 
have been obtained using the program package SPheno |301| . with the required 
extension to include 9"^, S and <&. The parameters are chosen in such a way that 
solar and atmospheric neutrino data |135) are fitted correctly. In the plots shown 
below we use for the atmospheric scale and Ci for the solar scale. 

As shown previously |289| if the lightest neutralino is mainly a bino, the decay 
to majoron plus neutrino is dominant if is low. This was shown in figure [5751 
and is demonstrated again for a bino LSP in figure [2321 to the left, with the same 
sample point (mSugra parameters toq — 280 GeV, TOi/2 = 250 GeV, tan/3 ~ 10, 
^0 = —500 GeV and sgn(^) = +). We stress that this result is independent of 
the choice of mSugra parameters to a large degree |291j . A scan over vg, has been 
performed in this plot, varying vg, in the huge interval [1, 10^] TcV. Large values of 
u$ lead to small values of the constant c in the neutrino mass matrix, see eqs. (|5.20p 
and (|5.2ip . Small c require, for constant neutrino masses, large values of e^, which 
in turn lead to a large invisible width of the neutralino. The largest values of w$ 
(dark areas) therefore lead to the smallest visible neutralino decay branching ratios 
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10"' 10° lO' 10^ 10^ 10^ lO' 10 ' 10° lO' 10^ 10^ lO"* lO' 



Fig. 5.15: Branching ratios for visible lightest neutralino decay (left) and branching ratio 
Br{jj, — >■ ej) (right) versus vu in GeV for a number of different choice of w# 
between [1, 10^] TeV indicated by the different colors. Darker colors indicate 
larger v$ in a logarithmic scale. mSugra parameters defined in the text. There is 
very little dependence on the actual mSugra parameters, however, see discussion 
and figure [STTS] 

shown in figure 15.151 Let us mention that this region of parameter space requires 
small values for ho in order to keep fj, at the weak scale. 

Figure [5". 151 to the right, shows the branching ratio Br{fi eJ) as a function of 
vr for different values of v,^ . All parameters have been fixed to the same values as 
shown in the left figure. As the figure demonstrates, small values of vn (and large 
values of w$) lead to large values of Br{fi — > eJ). This agrees with the analytic 
expectation, compare to equation (j5.4ip . 

Our main result in this section is shown in figure 15.161 In this figure we show 
Br{p, — > e J) versus the sum of all branching ratios of neutralino decays leading to 
at least one visible particle in the final state for two different choices of mSugra 
parameters. The similarity of the two plots shows that our result is only weakly 
dependent on the true values of mSugra parameters. We have checked this fact also 
by repeating the calculation for other mSugra points, although we do not show plots 
here. As expected Br{p — > eJ) anticorrelates with the visible bino decay branching 
fraction and thus probes a complementary part in the supersymmetric parameter 
space. An upper bound on Br{pL — > eJ) will constrain the maximum branching 
ratio for invisible neutralino decay, thus probing the part of parameter space where 
spontaneous R-parity breaking is most easily confused with conserved R-parity at 
accelerators. 

We have checked the points shown in the plots for various phenomenological 
constraints. LEP bounds are trivially fulfilled by Vi < vu- Double beta decay 
bounds on g^^j are of the order of 10""' |314| and, since the coupling g^^j is 
suppressed by two powers of R-parity violating parameters, are easily satisfied in 
our model. More interesting is the astrophysical limit on geej- Ref. |315j quotes 
a bound of geej < 3 • 10~^^. Although this bound is derived from the coupling of 
the majoron to two electrons, thus constraining actually the products v'j^ , and 
Ag, whereas Br{fi — > eJ) is proportional to ege^ and AgA^, it still leads to a (weak) 
constraint on Br{p — > eJ), since neutrino physics shows that two Icptonic mixing 

^ We will use the symbol g when discussing experimental bounds, to differentiate from the model 
dependent couplings O'j^^ and O"^^ defined previously in this section. 
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1 - E Br(x'' — > invisible) 




1 - E Br(x" invisible) 



Fig. 5.16: Branching ratios for visible lightest neutralino decay versus branching ratio 
Br{fi — >■ eJ) for two mSugra points, for various choices of see figure ISTTSl 
To the left, same mSugra parameters as figure to the right SPSla'. 

angles are large. This requires that either Ce ~ or Ag ^ A^. For the case studied 
in our plots, where generate the solar scale, tan^ ~ 1/2 requires Ce ~ e^. 
Numerically we then find that geej < 3 • 10~^^ corresponds to an upper bound on 
Br{ii — > eJ) of very roughly Br{fi — > eJ) < (few) • 10^^. In case neutrino data 
is fitted with e for the atmospheric scale, the corresponding bound is considerably 
weaker. 

5.7.2 Experimental constraints and Br{^i — ;> eJ^) 

The Particle Data Group [44] cites j316j with an upper limit on the branching ratio 
of Br{iJL — >■ eX°) < 2.6 x 10~®, where X° is a scalar boson called the familon. This 
constraint does not apply to the majoron we consider here, since it is derived from 
the decay of polarized muons in a direction opposite to the direction of polarization. 
The authors of [316| concentrated on this region, since it minimizes events from 
standard model /3-decay. As shown in cq. (|5.44p . the majoron emitting decay has 
a very similar angular distribution as the standard model decay, with the signal 
approaching zero in the data sample analyzed by |316j . Nevertheless, from the spin 
processed data shown in figure (7) of [316] . which seems to be in good agreement 
with the SM prediction, it should in principle be possible to extract a limit on 
Br(fj, eJ). From this figure we estimate very roughly that this limit should be 
about one order of magnitude less stringent than the one for familon decay. For 
a better estimate a re-analysis of this data, including systematic errors, would be 
necessary. 

Ref. [317] searched for majorons in the decay of tt — > ei^J, deriving a limit of 
Br{Tr — >■ eiyJ) < 4 • 10~^. Since the experimental cuts used in this paper |317j are 
designed to reduce the standard model background from the decay chain tt — > ^ — > e, 
the contribution from on-shell muons is reduced by about five orders of magnitude. 
The limit then essentially is a limit on the majoron-neutrino-neutrino coupling, 
fffi/j, leaving only a very weak constraint on the coupling g^ej- Also an analysis 
searching for Br{iJ. — ^ eJj) has been published previously |318j . From a total data 
sample of 8.15-10^"'^ stopped muons over the live time of the experiment |318j derived 
a limit on i3r(/i — > e J7) of the order of Br{iJ. — >■ e J7) < 1.3 • 10~^. For the cuts used 
in this analysis, we calculate I ~ 10"'^. Thus, see eq. (|5.50p . this limit translates 
into only a rather weak bound _Br(/i eJ) < 1.1 • 10"'^. 
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Fig. 5.17: The phase space integral for the decay ^ — >■ ej'y as a function of Xmin for 
three different values of y-min = 0.95, 0.99, 0.995 from top to bottom and for two 
different values of cos&e7- To the left cosSe7 = —0.99, to the right cosO^f ~ 
-0.99997. 



Currently, the MEG experiment [293] is the most advanced experiment inves- 
tigating muon decay. With a muon stopping rate of (0.3 — 1) • 10^ per second, it 
expects a total of the order of 10^^ muons over the expected live time of the experi- 
ment. An analysis of electron only events near the endpoint should therefore allow, 
in principle, to improve the existing limits on Br(fj, — > eJ) by an estimated (2 — 3) 
orders of magnitude, if systematic errors can be kept under control. 

However, the MEG experiment, as it is designed to search for Br{fi — >• ej), uses 
a trigger that requires a photon in the event with a minimum energy of E!^'"^ > 45 
MeV. Data for muon decays without a photon in the final state are only kept for 
background measurements and calibration purposes. Therefore, until these data 
are released, it is interesting to constrain the majoron-charged-lepton coupling via 
searching for T{fi — > e J7). See appendix [B] for a comparison between the constrain- 
ing power of r(/i -> e J) and r(/x — >■ eJj). 

Figure [5.171 shows the value of the phase space integral 2{xmin, Umin) as a func- 
tion of Xmin for three different values of ymin and for two choices of cos Oe-f . The 
MEG proposal describes the cuts used in the search for — )■ 67 as Xmin > 0.995, 
ymin > 0.99 and |7r — 6'e^| < 8.4 mrad. For these values we find a value of 
I ~ 6 • 10^^°. A limit for Br(p. e-f) of Br{^i -> 67) < 10~^^ then translates 
into a limit of Br(/x — > eJ) < 0.14, obviously not competitive. To improve upon 
this bound, it is necessary to relax the cuts. For example, relaxing the cut on the 
opening angle to cosOe-i = —0.99, the value of the integral increases by more than 
3 orders of magnitude for Xmin = Vmin > 0.95. 

On the other hand, such a change in the analysis is prone to induce background 
events, which the MEG cuts were designed for to avoid. The MEG proposal dis- 
cusses as the two most important sources of background: (a) Prompt events from 
the standard model radiative decay ^ -> euu"f] and (b) accidental background from 
muon annihilation in flight. For the current experimental setup the accidental back- 
ground is larger than the prompt background. Certainly, a better timing resolution 
of the experiment would be required to reduce this background. For the prompt 
background we estimate, using the formulas of |319j . that for a total of 10^^ muon 
events, one background event from the radiative decay will enter the analysis win- 
dow for Xmin = Vmin — 0.96 for the current cut on cos6'e7. 
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A further relaxation of the cuts can lead, in principle, to much larger values for 
^{xrnimymin)- Howcvcr, the search for Br(/i — > eJ^) than necessarily is no longer 
background free. Since all the events from fi — > e J7 lie along the line of cos 9^^ 
defined by eq. (|5.48p . whereas events from the SM radiative mode fill all of the 
cos 9e-y space, such a strategy might be advantageous, given a large enough data 
sample. 

Before closing this section, we mention that tau decays with majoron emis- 
sion are less interesting phenomenologically for two reasons. First the existing 
experimental limits are much weaker for taus j320j Br{T — > /.tJ) < 2.3 % and 
Br{T — >■ eJ) < 0.73 %. And, second, although the coupling t — n — J is larger 
than the coupling — e — J by a factor mr/m^, the total width of the tau is 
much larger than the width of the muon, thus the resulting theoretical predictions 
for tau branching ratios to majorons are actually smaller than for the muon by a 
factor of approximately 10^. Finally, we also point out that ^ - e conversion in 
nuclei is another important observable, intimately linked to those studied here. Ex- 
periments like COMET and PRISM/PRIME [311], still in the research and design 
stage, will have sensitivities for conversion rates as low as 10~^^ — 10~^^, and thus 
very promising results are expected. 

5.8 Summary 

We have studied the theory and phenomenology of a supersymmetric model in which 
neutrino oscillation data is explained by spontaneous R-parity violation. This setup 
provides a testable framework that explains neutrino masses and solves some of the 
problems of h-fip . 

The model has many distinctive signatures. From the collider point of view, the 
LSP decay clearly distinguishes this model from the standard MSSM, and provides 
a tool to test the model. 

We have concentrated the discussion on the case that the LSP is either a bino, 
like in a typical mSugra point, or a singlino state, novel to the current model. We 
have worked out the most important phenomenological signals of the model and 
how it might be distinguished from the well-studied case of the MSSM, as well as 
from a model in which the violation of R-parity is explicit. 

There are regions in parameter space, where x° decays invisibly with branch- 
ing ratios close to 100 %, despite the smallness of neutrino masses. In this limit, 
spontaneous violation of R-parity can resemble the MSSM with conserved R-parity 
at the LHC and the experimentalists would have to search for the very rare visible 
decay channels to establish the R-parity indeed is broken. 

The perhaps most important test of the model as the origin of the observed neu- 
trino masses comes from measurements of ratios of branching ratios to M^-boson and 
charged lepton final states. Ratios of these decays are always related to measured 
neutrino angles. If SUSY has a spectrum light enough to be produced at the LHC, 
the spontaneous model of R-parity violation is therefore potentially testable. 

However, as stated above, invisible decays might be dominant and do not allow 
for these signals to be seen at the LHC. In that case one needs to study additional 
observables that are enhanced in the region of parameter space where the branching 
ratio for majoron final states approaches 100 %. These observables are provided by 
low-energy experiments. 

We have calculated branching ratios for exotic muon and tau decays involving 
majorons in the final state. Branching ratios can be measurably large, if the scale of 
lepton number breaking is low. Note that this is the region of parameter space where 
a bino LSP decays mainly to invisible states, and thus the combination between 
collider and low-energy experiments might allow to distinguish s-f^pfrom the MSSM 
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with conserved R-parity. 

This resuh is independent of the absolute value of the neutrino mass. The lowest 
possible values of vn (at large values of are already explored by the existing 
limit on Br(fi — eJ). 

We have briefly discussed the status of experimental limits. It will not be an easy 
task to improve the current numbers in future experiments. While MEG [293j cer- 
tainly has a high number of muon events in the detector, a search for Br{^ — > e J7) 
instead of Br{^ — ^ e J) suffers from a small value of the available phase space inte- 
gral, given current MEG cuts. An improvement will only be possible, if a dedicated 
search by the experimentalists is carried out. Nevertheless, we believe this is a 
worthwhile undertaking, since measuring a finite value for Br(fi — > eJ) will estab- 
lish that R-parity is broken in a region of SUSY parameter space complementary 
to that probed by accelerator searches. 



6. /iz/SSM 



The fj,i>SSM was recently proposed as an economical way to introduce neutrino 
masses in the MSSM. This R-parity breaking model introduces just one singlet to 
address the fi and e problems. In that sense, the ^i^SSM is a simpler scheme than 
s-fip ■ where three additional singlets are used. The main difference is, however, the 
explicit breaking of R-parity. This implies a spectrum without majoron. 

6. 1 Motivation 

The superpotential of the MSSM contains a mass term for the Higgs superfields, 
fxHdHu- For phenomenological reasons this parameter ^ must be of the order of the 
electroweak scale. However, if there is a larger scale in the theory, like the grand 
unification or Planck scales, the natural value of fi lies at this large scale. This 
naturalness problem is, in short, the /i-problem of the MSSM [35]. The Next-to- 
Minimal SSM (NMSSM) provides a solution p751 [175] at the cost of introducing a 
new singlet field and imposing the scale invariance of the superpotential by assuming 
a discrete Z3 symmetry. The VEV of the singlet produces the fj, term, once the 
electroweak symmetry is broken (for recent reviews on the NMSSM see [322[ I323j , 
whereas for some recent papers on the phenomenology of the NMSSM, see for 
example |324[ 13251 13261 [5?7] and references therein.). 

The ^i^SSM |198j proposes to use the same singlet superfield(s) which generate 
the n term to also generate Dirac mass terms for the observed left-handed neutrinos. 
Lepton number in this approach is broken explicitly by cubic terms coupling only 
singlets. Rp is broken also and Majorana neutrino masses are generated once elec- 
troweak symmetry is broken. Two recent papers have studied the /^i/SSM in more 
detail. In [276] the authors analyze the parameter space of the /^i^SSM, putting spe- 
cial emphasis on constraints arising from correct electroweak symmetry breaking, 
avoiding tachyonic states and Landau poles in the parameters. The phenomenology 
of the /i^^SSM has been studied also in [328] . In this paper formulas for tree-level 
neutrino masses are given and decays of a neutralino LSP to two-body (VF-lepton) 
final states have been calculated |328j . 

There have been recent works expanding our knowledge on the /ii^SSM. The 
authors of reference |329j investigate indirect signals coming from a decaying gra- 
vitino in the /ii^SSM. This is one of the usual dark matter candidates in SUSY. 
Reference |330| studies spontaneous CP violation in the /xz/SSM, showing that it can 
indeed happen. This recent contribution also addresses the seesaw mechanism in 
the /Ui/SSM, describing its origin and how it can accommodate the observed neutrino 
masses and mixing angles. Finally, reference [33 Ij makes a detailed computation of 
the 1-loop corrections to neutrino masses and mixing angles in the /ii^SSM. 

In the present chapter, we study the collider phenomenology of the /ii^SSM |332j . 
extending previous works |198[ 12761 I328j . In contrast to |328| all kinematically 
allowed final states are considered. This does not only cover scenarios where two- 
body decays are important, but also those where three-body decays are dominant. 
We consider two different variations of the model. In its simplest form the /xz^SSM 
contains only one new singlet. This version produces one neutrino mass at tree-level. 
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while the remaining two neutrinos receive mass at the loop-leveL This feature is 
very similar to bilinear R-parity breaking, although as discussed below, the relative 
importance of the various loops is different for the explicit bilinear model and the 
fivSSM. As in the explicit bilinear model neutrino angles restrict the allowed range 
of fi.p parameters and correlations between certain ratios of decay branching ratios 
of the LSP and neutrino angles appear. In the second version we allow for n singlets. 
Neutrino masses can then be fitted with tree-level physics only. However, many of 
the features of the one generation model remain at least qualitatively true also in 
the n singlet variants. LSP decays (for a bino or a singlino LSP) can be correlated 
with either the solar or atmospheric angle, thus allowing to construct explicit tests 
of the model for the LHC. 

Finally, similar proposals have been discussed in the literature. |333| studied a 
model in which the NMSSM singlet is coupled to (right-handed) singlet neutrino 
superfields. Effectively this leads to a model which is very similar to the NMSSM 
with explicit bilinear terms, as studied for example also in |334| . In |335j the authors 
propose a model similar to the ^i^SSM, but with only one singlet. 

6.2 The model 

In this section we introduce the model, work out its most important properties 
related to phenomenology and neutrino masses and mixings. As explained in the 
introduction, we will consider the n generations case in this section. Approximate 
formulas are then given for scalar masses for the one (1) v'^-model and for neutrino 
masses for the 1 and 2 z>'^-model. 

6.2.1 Superpotential 

The model contains n generations of right-handed neutrino singlets. The superpo- 
tential can be written as 

+ Y^'L.dlHu-Xs^HdHu + j^i^stuK^tK ■ (6.1) 

The last three terms include the right-handed neutrino superfields, which addition- 
ally play the role of the $ superfield in the NMSSM [278], a gauge singlet with 
respect to the SM gauge group. The model does not contain any terms with di- 
mensions of mass, providing a natural solution to the /^-problem of the MSSM. Like 
in the NMSSM or s-fip , this can be enforced by introducing a discrete Z3 symme- 
try. For the associated domain wall problem and its possible solutions we refer the 
reader to references [2M1 USSl USS] • 

Note, that as the number of right-handed neutrino superfields can be different 
from 3 we use the letters s, t and u as generation indices for the P'^ superfields and 
reserve the letter i, j and k as generation indices for the usual MSSM matter fields. 

The last two terms in (|6.ip explicitly break lepton number and thus R-parity 
giving rise to neutrino masses. Note that Kstu is completely symmetric in all its 
indices. In contrast to other models with R-parity violation, this model does not 
need the presence of unnaturally small parameters with dimensions of mass, like in 
bilinear R-parity breaking models |256| , and there is no Goldstone boson associated 
with the breaking of lepton number j2821 12831 1275j , since breaking of Rp is done 
explicitly. 

The absence of the R-parity violating superpotential trilinear couplings can be 
justified by assuming that they vanish at some high-energy scale. Then, although 
they are generated at the SUSY scale by RGE running, their values remain negligible 
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For practical purposes, it is useful to write the superpotential in the basis where 
the right-handed neutrinos have a diagonal mass matrix. Since their masses are 
induced by the k term in (j6.1|) , this is equivalent to writing this term including only 
diagonal couplings: 

n 

Kstuvl^tK =^ Y^^^^^sf (6.2) 

s=l 

6.2.2 Soft terms 

The soft SUSY breaking terms of the model are 

^sojt = V,,ft + . (6.3) 

'^soft^^ contains all the usual soft terms of the MSSM but the S^-term, see 
equation (|2.30p . and V^^^f'^^'^ includes the new terms with singlets: 

ysir.,iets ^ imly^^:i^^ * + [TfL:utHl - n^lH^Hl + h.c] (6.4) 

+ [^Tri>';i''iK + h.c] 

In these expressions the notation for the soft trilinear couplings introduced in [ITIH?] 
is used. Note that the rotation made in the superpotential does not necessarily diag- 
onalize the soft trilinear terms T^*" implying in general additional mixing between 
the right-handed sneutrinos. 

6.2.3 Scalar potential and its minimization 

Summing up the different contributions, the scalar potential considering only neu- 
tral fields reads 

V = Vd + Vf + Vsoft (6.5) 

with 



Vd = \{9^^9'^){\K?-\Hl?-Y.\^.?)' (6.6) 

i — \ 

3 

n 



i=l 
\2\2 



where summation over repeated indices is implied. 

This scalar potential determines the structure of the vacuum, inducing VEVs: 



In particular, the VEVs for the right-handed sneutrinos generate effective bilinear 
couplings: 



4 (6.9) 
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Since by electroweak symmetry breaking an effective /i term is generated, it is 
naturally at the electroweak scale. Minimizing the scalar potential gives the tadpole 
equations at tree- level, see appendix [Cl 

As usual in R-parity breaking models with right-handed neutrinos, see for exam- 
ple the model proposed in jl97| and discussed in chapter [SJ it is possible to explain 
the smallness of the Vi in terms of the smallness of the Yukawa couplings Yi,, that 
generate Dirac masses for the neutrinos. This can be easily seen from equation 
(|C.3p . where both quantities are proportional. Moreover, as shown in |198j . taking 
the limit — and, consequently, Vi -> 0, one recovers the tadpole equations of 
the NMSSM, ensuring the existence of solutions to this set of equations. 

Finally, as in chaptcr[Sl although other vacuum configurations exist, we will focus 
on minima that break the electroweak symmetry and R-parity simultaneously. 



6.2.4 Masses of the neutral scalars and pseudoscalars 

In this subsection we work out the main features of the neutral scalar sector mainly 
focusing on singlets. The complete mass matrices are given in appendix |D] We 
start with the one generation case which closely resembles the NMSSM, considered. 



for example, in [3361 1337) . This already implies an upper bound on the lightest 
doublet Higgs mass m(/i°), on which we will focus on at the end of this subsection. 
A correct description of neutrino physics implies small values for the VEVs Vi of 
the left sneutrinos and small Yukawa couplings h^, as we will see later. Neglecting 
mixing terms proportional to these quantities, the (6 x 6) mass matrix of the pseu- 
doscalars in the basis /m(iJ°, iJ", v'^,Vi) given in appendix [Dl equation (jD.20|) . can 
be decomposed in two (3 x 3) blocks. By using the tadpole equations we obtain 

/ MU Mis \ 
Mlo = {Mlsf Mis (6.10) 



with 



Mis = (4^1+^2)^^ -3^3 (6.13) 

= HO., + HO,. + S.AH9' + 9')u'] (6.14) 
where = v"^ — u.^ + vi + v\+ v\. The parameters fi^ are defined as: 

fii = \{\k* +\*n)v\ (6.15) 
8 

^2 = 1^^^>^ + T:)vn (6.16) 

^^3 - -^{T^ + T:)vn (6.17) 

The upper (3 x 3) block contains the mass terms for Im{Hd), Im{Hu) and Im{v'^) 
and we get analytic expressions for the eigenvalues: 

m2(P°) + n^) f ^ + ^ + -1^3- Vf (6.18) 
2 \Vu I'd vi, I 2 
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with 



r = (|(^^i + f^.)(^ + ^ + ^)-|^^3) (6.19) 



2 



The first eigenvalue corresponds to the Goldstone boson due to spontaneous symme- 
try breaking. To get only positive eigenvalues for the physical states, the condition 

has to be fulfilled, implying that r„ has in general the opposite sign of vj^. Ad- 
ditional constraints on the parameters arc obtained from the positiveness of the 
squared masses of the neutral scalars. Taking the scalar mass matrix from ap- 
pendix |DJ equation (jP.lip . in the basis i?e(_ff°, z/^, j>i) in the same limit as 
above we obtain 

/ Mfj^ Mis \ 
Mjo = (M|<5)^ Mis (6.21) 

with 

^^Hs - (^(_2J7i-f72)| + f^4|j ^^-^^^ 
Mis = 1^2^ + f^3 + f^5 (6.24) 

using the additional parameters 

Vti = \\*VdVu > (6.26) 



= -KK*vl > (6.27) 



rig - J (g2 + g'2) > Q (6.28) 

An analytic determination of the eigenvalues is possible but not very illuminating. 
However, one can use the following theorem: A symmetric matrix is positive definite, 
if all eigenvalues are positive and this is equal to the positiveness of all principal 
minors (Sylvester criterion). This results in the following three conditions 

< {n, + n2) — + ne— 

Vd Vu 

< + f^2) (^f^6 (^^ + - 2f76 + 21^4^ + 2041^6 - 

< ^3-/2(^^2) , (6.29) 
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where f2{^2) is given by /2 ($^2) = 5^, with 



V 



2 



VdVu 



,Vu Vd 

")3 I Q / ^r>_ r> I r)_\ r>2 



[ler^'j* + 8 (4172 + Oe) nf + loi^ir^a (21^2 - O4 + ne) 

+^2 (21^2 - ^^4) (21^2 - r24 + 2176)] (6.30) 



t;2 



E2 = (f7i + 172) -f + ^ + 2 (rii + r!2) {fii - rte) 

+ 2niVlQ - (6.31) 

The first two conditions are in general fulfihed, but for special values of tan /? or A. 
Putting all the above together we get the following conditions: 

/2(02) < 1^3 < /l(02) (6.32) 

It turns out that by taking a negative value of l^s (oc T^) near f2{^2) one obtains 
a very light singlet scalar, whereas for a value of lis near fi{^2) one gets a very 
light singlet pseudoscalar. In between one finds a value of lis, where both particles 
have the same mass. This discussion is comparable to formula (37) in j337] for the 
NMSSM. Moreover, a small mass of the singlet scalar and/or pseudoscalar comes 
always together with a small mass of the singlet fermion. 

In the n generation similar result holds as long as T„ and m|c do not 

have sizeable off-diagonal entries. Inspecting eqs. (jP.lSp and (jD.24[) it is possible 
to show that the singlet scalars and pseudoscalars can be made heavy by properly 
choosing values for the off-diagonal entries of while keeping at the same time the 
singlet fermions relatively light, as will be discussed later. As pointed out in j276j . 
the NMSSM upper bound on the lightest doublet Higgs mass of about '--^ 150 GeV, 
which also applies in the /ii^SSM, can be relaxed to 0(300) GeV, if one does not 
require perturbativity up to the GUT scale. 



6.3 Neutrino masses 

In the basis 

(^«)^ = ( - ^B^, -zW^, Hi Hi vl u,) (6.33) 
the mass matrix of the neutral fermions, see appendix [Dl has the structure 

o) ■ 

Here Mu is the submatrix including the heavy states, which consists of the usual 
four neutralinos of the MSSM and n generations of right-handed neutrinos. The 
matrix m mixes the heavy states with the left-handed neutrinos and contains the 
R-parity breaking parameters. 

The matrix M^v can be diagonalized in the standard way: 



Mat =N*MNAf-^ 



(6.35) 
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As wc saw in the previous chapters, the smallness of neutrino masses allows to find 
the effective neutrino mass matrix in a seesaw approximation 

TOgj^ = —ni^ ■ ■ m ~ — ^ • m , (6.36) 

where the matrix ^ contains the small expansion parameters which characterize the 
mixing between the neutrino sector and the heavy states. 

Since the superpotential explicitly breaks lepton number, at least one mass for 
the left-handed neutrinos is generated at tree- level. In the case of the 1 i>'^-model the 
other neutrino masses are generated at loop-level. With more than one generation 
of right-handed neutrinos additional neutrino masses are generated at tree-level, re- 
sulting in different possibilities to fit the neutrino oscillation data, see the discussion 
below. 

6.3.1 1 generation of right-handed neutrinos 
With only one generation of right-handed neutrinos the matrix ^ is given by 

^ KiA, - -e,5,3 , (6.37) 

where the e,; and parameters are defined as usual 

e^ = (6-38) 
Ai = [iVi -I- tiVd (6.39) 

and K\ as 



1 2g'M2\i 



2 2gA/i^ 
= « 



The parameters = g^Mi -\- g'^M2 and = + have the same definition as 
in the models studied in the previous chapters, Mr and a are given by 

Mr = -^i^VR (6.41) 

and Det(Af//) is the determinant of the (5 x 5) mass matrix of the heavy states 
V)ct{MH)--\m^{\'v^ + 4.MR^lVdVu)-M^M2^l{vdVuX' +Mrij) . (6.43) 

o 

Using these expressions the tree-level effective neutrino mass matrix takes the form 

(mr/^/),, = aA,A, . (6.44) 



6. fiuSSM 



89 




Fig. 6.1: Example of one 1-loop correction to the effective neutrino mass matrix involving 
the singlet scalar /pseudoscalar. 




Fig. 6.2: 1-loop mixing between gauginos and the right-handed neutrinos. 



The projective form of this mass matrix implies that only one neutrino gets a tree- 
level mass, while the other two remain massless. Therefore, as in models with 
bilinear R-parity violation |266l 12581 1259] 1-loop corrections are needed in order to 
correctly explain the oscillation data, which requires at least one additional massive 
neutrino. The absolute scale of neutrino mass constrains the A and e parameters, 
which have to be small. For typical SUSY masses order 0(100 GeV), one finds 
|A|/ju2 ^ 10-7-10-6 and |el/// - IQ-^-lO-*. This implies a ratio of |e1 V|A| ~ 10-^- 
10-1. 

General formulas for the 1-loop contributions can be found in |258j and adjusted 
to the jUi/SSM with appropriate changes in the index ranges for neutralinos and 
scalars. See also reference [33 Ij . which provides a complete calculation of the 1-loop 
corrections to the neutrino mass matrix. Important contributions to the neutrino 
mass matrix are due to b — b and t — f loops as in the models with h-fi.^, [ISHI- In 
addition there are two new important contributions: (i) loops containing the singlet 
scalar and singlet pseudoscalar shown in figure 16.11 As shown in |338l 13391 1340j , 
the sum of both contributions is proportional to the squared mass difference A12 = 
TTilj, — m?j (X n^vj^ between the singlet scalar and pseudoscalar mass eigenstates. 
Note that this splitting can be much larger than the corresponding one for the left 
sneutrinos. Thus the sum of both loops can be more important than b — b and 
T — f loops in the current model. See appendix [El for more details, (ii) At loop-level 
a direct mixing between the right-handed neutrinos and the gauginos is possible 
which is zero at tree-level, see figure W% 
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6.3.2 n generations of right-handed neutrinos 

In this class of models with n > 1 one can explain the neutrino data using the 
tree-level neutrino mass matrix only. In general one finds that the loop corrections 
are small if the conditions given at the end of this section are fulfilled. 

For the sake of simplicity, let us consider two generations of right-handed neu- 
trinos. This choice contains all relevant features. The matrix ^ in equation (|6.36p 
takes the form 

= K^A, + Kia, - -5,3 (6.45) 

with 



= ^yi'^Rs (6.46) 

A,; = fivi + tiVd (6.47) 
a. = f„(A2Fji-Aiy;2) . (6.48) 

The Kf^ and Ka coefficients have complicated dependencies on the parameters of 
the model. Wc list them here: 



1 2g'M2/i 
Aa = a 

TO-y 

2 2gMi/i 
K. = a 



m. 



7 



1 11^ 



Kl = — iT-{m^v^Vu- ^MiM2^.Vd) 

^« = ri ^{m..^^^Vd~AMlM2^iVu) 

1^5 4DetoW/?,i 

K° = -V2A2C — 2-6 



\2< 

^ V2Aic-^H£^^^& (6.50) 

The effective neutrino mass matrix reads as 

{m'^jj:)ij = aAiAj + 6(A,jQ;_,- + AjUi) + cataj (6.51) 
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with 

« = A T^Ji^r A MriXIvm + MR2>^lvuVd + MB.lMB.2f^) (6.52) 

^ = . , (^'-^g)(^-^fli^i^i^2-A/fi2^fl2Ai) (6.53) 

8v2/^Det(Mi/) 

c = -I^;^55^^[m^(-.-'-8MiM2M«.-.) (6.54) 

+4Dcto(MKiw|i + MR2vji2)] 

using Affls = -^KsVrs- The determinant of the (6 x 6) mass matrix of the heavy 
states is 

Det(Mff) = l[{MB2Xl + MB^Xl){m^v^^8^hM2^lVuVd) + 8MRlMR2^)eto] (6.55) 
o 

with Deto being the determinant of the usual MSSM neutrahno mass matrix 

Deto = ^m~^HVdVu - MiM2^^ ■ (6.56) 

Note that the a. parameters play the role of the € parameters in s-flp , see 
equation (|5.22p . Therefore, one ean follow an analogous procedure to fit neutrino 
data. 

The mass matrix in equation (|6.5ip has two nonzero eigenvalues and therefore 
the loop corrections are not needed to explain the experimental data. Two different 
options arise: 

• A generates the atmospheric mass scale, a the solar mass scale 

• a generates the atmospheric mass scale, A the solar mass scale 

In both cases one obtains in general a hierarchical spectrum. A strong fine- 
tuning would be necessary to generate an inverted hierarchy which is not stable 
against small variations of the parameters or radiative corretions. Moreover the 
absolute scale of neutrino mass requires both |A|//i^ and \d\//j, to be small. For 
typical SUSY masses order 0(100 GeV) we find in the first case |A|//i^ ^ 10"''- 
10"^ and \d\/fi ~ 10^^-10"^ In the second case we find |A|///2 ^ lO-^-lO"'^ and 
\d\/ n ^ 10^^-10^^. The ratios including e or a are much smaller than those in the 
1 i)'^ case. We find that I-loop corrections to (j6.5ip are negligible if 

<10-3 and ff<10-3 (6.57) 

iAi ^ iAr 

are fulfilled. Note that the mixing of the neutrinos with the higgsinos, given by 
the third column in the matrix ^ in equation ()6.45p . depends not only on ai but 
also on Ci. This leads to 1-loop corrections to the neutrino mass matrix with pieces 
proportional to the ei parameters, as also happens in the 1 9'^-model. Therefore, 
both conditions in equation (|6.57p need to be fulfilled. See ref. [33 Ij for more de- 
tails on the 1-loop corrected neutrino mass matrix. Finally, in models with more 
generations of right-handed neutrinos there will be more freedom due to additional 
contributions to the neutrino mass matrix. For example, the case of three genera- 
tions is discussed in [328j , where the additional freedom is also used to generate an 
inverted hierarchy for the neutrino masses. 
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6.4 Choice of the parameters and experimental constraints 

In the subsequent sections we work out collider signatures for various scenarios. To 
facilitate the comparison with existing studies we adopt the following strategy: We 
take existing study points and augment them with the additional model parameters 
breaking R-parity. These points are SPSla' [302, SPSS, SPS4, SPS9 [MI] and the 
ATLAS SU4 point j303j . SPSla' contains a relative light spectrum so that at 
LHC a high statistic can be achieved, SPSS has a somewhat heavier spectrum and 
in addition the lightest ncutralino and the lighter stau are close in mass which 
affects also the R-parity violating decays of the lightest neutralino. SPS4 is chosen 
because of the large tan /? value and SPS9 is an AMSB scenario where not only the 
lightest neutralino but also the lighter chargino has dominant R-parity violating 
decay modes. In all these points the lightest neutralino is so heavy that it can 
decay via two-body modes, as long as it's not a light i/^. In contrast for the SU4 
point all two-body decay modes (at tree-level) are kinematically forbidden. As the 
parameters of these points are given at different scales we use the program SPheno 
[SOI] to evaluate them at Q = mz where we add the additional model parameters. 
Note that we allow /i to depart from their standard SPS values to be consistent 
with the LEP bounds on Higgs masses, discussed below. 

The additional model parameters arc subject to theoretical and experimental 
constraints. In |276j the question of color and charge breaking minima, pcrtur- 
bativity up to the GUT scale as well as the questions of tachyonic states for the 
neutral scalar and pseudoscalars have been investigated. The last issue has already 
been addressed in section [6.2.41 where we derived conditions on the parameters. By 
choosing the coupling constants A, k < 0.6 in the 1 V-mode\ and Xs,Hs < 0.5 in 
the 2 P^-model, perturbativity up to the GUT scale is guaranteed |276| . Note, that 
choosing somewhat larger values for A and/or k up to 1 does not change any of the 
results presented below. We also address the question of color and charge breaking 
minimas by choosing As > 0, > 0, > 0, T**" < 0, whereas the Yukawa cou- 
plings yj* can either be positive or negative, but those values arc small < 0(10"®) 
due to constraints from neutrino physics. Our T^" are negative, so the condition 
(2.8) of [276] is easy to fulfiU. 

Concerning experimental data we take the following constraints into account: 

• We check that the neutrino data are fulfilled within the 2-a range given in 
Table IS. II taken from ref. [1S5| if not stated otherwise. These data can easily 
be fitted using the effective neutrino mass matrices given in section [^751 

• Breaking lepton number implies that flavor violating decays of the leptons like 
/.t — > 67 are possible, where strong experimental bounds exist |44] . However, 
in the model under study it turns out that these bounds are automatically 
fulfilled once the constraints from neutrino physics are taken into account 
similar to the case of models with bilinear R-parity breaking fS42) . 

• Bounds on the masses of the Higgs bosons [S4SI Hi] . For this purpose we have 
added the dominant 1-loop correction to the (2,2) entry of the scalar mass 
matrix in appendix |D] Moreover, we have checked in the 1 j)''-model with 
the help of the program NMHDECAY [317] that in the NMSSM hmit the 
experimental constraints are fulfilled. 

• Constraints on the chargino and charged slepton masses given by the PDG 

• The bounds on squark and gluino masses from TEVATRON [33] are automat- 
ically fulfilled by our choices of the study points. 
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Fig. 6.3: Masses of the lightest neutralinos Xi ^-nd the lightest scalar Si = 
iie(i>'^)/pseudoscalar = Im{v^) as a function of = Tk/k for A = 0.24, 
K = 0.12, = 150 GeV and Tx = 360 GeV for SPSla'. The different colors refer 
to the singlino Xi (blue), the bino X2 (red), the singlet scalar (black) and the 
singlet pseudoscalar (green). 

The smallness of the fip parameters guarantees that the direct production cross 
sections for the SUSY particles are very similar to the corresponding MSSM/NMSSM 
values. Note that for low values of A the singlet states are decoupled from the rest 
of the particles, leading to low production rates. 

6.5 Phenomenology of the 1 model 

In this section we discuss the phenomenology of the 1 P'^-model, including mass 
hierarchies, mixings in the scalar and fermionic sectors, decays of the scalar and 
fermionic states and the correlations between certain branching ratios and the neu- 
trino mixing angles. 

In the following discussion we call a neutralino x? a bino (singlino) if |A/;+3,ip > 
0.5 (|A//+3,5p > 0.5). As discussed below, light scalar or pseudoscalar states 
appear, especially in case of the singlino being the lightest neutralino. In the 
following we discuss possible mass hierarchies and mixings in more detail. 

The diagonal entry of the singlet right-handed neutrino in the mass matrix of the 
neutral fermions is Mji = -^i^vji, see appendix [D] A singlino as lightest neutralino 
is obtained by choosing small values for k and/or vr. Since the masses of the 
four MSSM neutralinos are mainly fixed by the chosen SPS point, we can cither 
generate a bino- like or a singlino- like lightest neutralino by varying k and/or w/j, 
where the latter case means a variation of A due to a fixed /i-parameter. A light 
singlet scalar and/or pseudoscalar can be obtained by appropriate choices of Tx 
and Tk. An example spectrum is shown in figure 15751 The MSSM parameters have 
been chosen according to SPSla' except for n = 150 GeV. The scalar state S2 = 
can easily get too light to be consistent with current experimental data, although 
the production rate e'^e~ — ZS2 is lowered, since a mixing with the lighter singlet 
scalar = 1)'^ reduces its mass. By reducing /i the mixing can be lowered (see mass 
matrices) and this problem can be solved. 

Another example spectrum for neutral fermions is shown in figure 16.41 Again 
SPSla' parameters have been chosen, except fi ~ 170 GcV. As the figure demon- 
strates for this reduced value of fi the states are usually quite mixed, which is 
important for their decay properties, as discussed below. Note that the abrupt 
change in composition in Xs is due to the level crossing in the mass eigenstates. 

The decay properties of the lightest scalars/pseudoscalars are in general quite 
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Fig. 6.4: Masses and particle characters of the lightest neutralinos as a function of k for 
A = 0.24, fi = 170 GeV, Tx = 360 GeV and T^ = -k- 50 GeV for SPSla'. The 
different colors refer to singlino purity jA/i+a.sj^ (blue), bino purity |A/i+3,ip (red), 
wino purity 1^+3,21^ (black) and higgsino purity IM+a.aP + lA/'i+3,4p (green). 
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Fig. 6.5: Branching ratios Br{S2 = as a function of m(xi) for the parameter set of 



figure \6A\ (variation of k). The colors indicate the different final states: XiXi 
(red), bb (blue), r+T~ (green), cc (orange) and Wqq (brown). 



Fig. 6.6: Dominant Feynman graph for the decay Xi ~^ Utv with U = e,/M. 



similar to those found in the NMSSM [3371 The lightest doublet Higgs boson 

similar to the decays mainly like in the MSSM, apart from the possible final states 
2x5 S'lid ^P^, if kinematically possible. The decay to a pair of light pseudoscalars 
has not been studied in this thesis, and the interested reader is referred to earlier 
works in the NMSSM j337l 1326) , where this possibility is addressed with conserved 
R-parity. Concerning the decay to a pair of light neutralinos, an example is shown 
in figure [^31 which display the branching ratios of 5*2 = hP versus m{j(^). £5 in 
this plot is mainly a singlino (see figure . variation of k, varies its mass, since 
vr is kept fixed here. In contrast to the NMSSM this does not lead to an invisible 
Higgs, since the neutralinos themselves decay. For the range of parameters where 
the decay to 2%^ is large, decays mainly to vbb, leading to the final state 4 
&-jets plus missing energy. Note that the which is mainly singlet here decays 
dominantly to bb final states, followed by rr final states. 



We first consider the case of a bino as lightest ncutralino. Although r?T,(xi) > in 
the SPS points we have chosen, two-body decay modes are not necessarily dominant. 
The three-body decay Xi ~^ IdjV dominated by a virtual f also can have a sizeable 
branching ratio, see Table lOI and figure I5T71 The importance of this final state can 
be understood from the Feynman graph shown in figure 16.61 giving the dominant 
contribution due to if^-/i-mixing (li = e, /x). 




V 



6.5.1 Decays of a gaugino-like lightest neutralino 
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SPSla' 


SPSS 


SPS4 


Wl 


23-80 


12-55 


68-72 


liljV 


11 - 75 


2-31 


2.6 - 3.9 


Zv 


2.2-8.9 


5-28 


25 - 28 






15-53 


< 2.0 


Decay length [mm] 


1.6 - 7.0 


0.1-0.5 


1.4- 1.6 



Tab. 6.1: Branching ratios (in %) and total decay length in mm of the decay of the lightest 
bino-like neutralino for different values of A G [0.02,0.5] and k G [0.1,0.6] with 
a dependence of allowed k(A) similar to [276] and to figure 16771 and Ta = A • 1.5 
TeV and r„ = -k ■ 100 GeV. 




Fig. 6.7: Dependence of allowed k(A) for values of A £ [0.02,0.5] and k G [0.1,0.6] and 
i3r(x5 — >■ Uljv) as function of A and k exemplary for SPSla' with n = 390 GeV, 
Ta = A • 1.5 TeV and T„ = -k • 100 GeV. 

In the case U = t there's an additional contribution due to H^-v-mixmg. As 
figure 16.71 shows there exist parameter combinations in the A-K-plane, where the 
decay mode Xi ~^ UljV is more important than Xi ~^ Wl. The strong variation 
in the branching ratios for SPSla' is mainly due to the strong dependence of the 
partial decay width of x5 ~^ hljV, where the decays with i — j and i ^ j both play 
a role. Other important final states are Xi — > Zv and in case of a light scalar with 
> m{hP) the decay Xj* — >■ hPv, as demonstrated in Table lOI 

In the /iJ/SSM one finds correlation between the decays of the lightest neutralino 
and the neutrino mixing angles, because neutralino couplings depend on the same 
flp parameters as the neutrino masses, figure 16.81 shows the correlation between 
the branching ratios of the decay Xi — >■ Wl as a function of the atmospheric angle. 
Although a clear correlation is visible it is not as pronounced as in the n generation 
case, see below and [328], due to inclusion of 1-loop effects in the neutrino masses 
and mixing angles. 

Also the three-body decay Xi ^ UljV exemplifies a correlation with neutrino 
physics. However, this decay is connected to the solar angle, see figure 16.91 There 
are two main contributions to this final state: Xi ~^ ~^ UljV and ^ t*1 ^ 
liljV. While the former is mainly sensitive to A^, the latter is dominated by e^-type 
couplings (see figure [676| . causing the connection to solar neutrino angle. In case 
the W is on-shell as in the SPSla' point, one could in principle devise kinematical 
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Fig. 6.8: Ratio g^j^o^^^j versus tan^ 6at?n = tan^ 623 for different SPS scenarios (SPSla' 
(black), SPSS (red), SPS4 (green)) and for different values of A G [0.02,0.5] and 
K G [0.1, 0.6] with a dependence of allowed k(A) similar to 12761 and to figure IBTfl 
and Ta = A • 1.5 TeV and T^ = -k- 100 GeV. 




Fig. 



6.9: Ratio g^^.r^"'^' 



10' 10' 

tan- 9„,i 
versus tan^ Osoi 



tan 012 with same set of parameters as 

figure 16.81 Bino purity |A/'4ip > 0.97. To the left (a) two-body plus three-body 
contributions, to the right (b) three-body contributions only. For a discussion 
see text. 
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Fig. 6.10: Decay branching ratios for bino-like lightest neutrahno as a function of k for 
A € [0.02, 0.5], Tx = X - 1.5 TeV, T^ = -k,- 100 GeV and for MSSM parameters 
defined by the study point SU4 of the ATLAS collaboration [303| . The colors 
indicate the different final states: hljU (red), Iqiqj (black), vqq (blue) and Su 
(orange) . 



cuts reducing this contribution. Such a cut can significantly improve the quality of 
the correlation. 

The SU4 scenario of the ATLAS collaboration [303] has a very light SUSY 
spectrum close to the Tevatron bound with a bino-like neutralino 77i(xi) ~ 60 
GeV. Thus, for SU4 the lightest neutralino has only three-body decay modes. Most 
important branching ratios are shown in figure 16.101 The lightness of the bino-like 
neutralino x? in this scenario implies a larger average decay length of (8 — 90) cm, 
depending on the parameter point in the A-K-plane. Note that the decay length 
becomes smaller for smaller values of A, k. In general the decay length scales as 
L cx 'm~'^{xi) for m{xi) < mw ■ Also for this point a correlation between the 
branching ratios and the neutrino mixing angles is found as illustrated in figure 

Em 





Fig. 



10"' 10" 
6.11: To the left (a) ratio 



tan^ e„,,„ 



10 ' 10" 
versus tan'^ 9atm = tan'^ 623 for the SU4 sce- 



10' 10' 



nario of the ATLAS collaboration |303) and to the right (b) ratio g^|^ul^|^^^j 

versus tan^ 9 soi = tan^6'i2 with same set of parameters as (a). Bino purity 
lA/^ip > 0.94. 



In addition to the SUGRA scenarios discussed up to now we have also stud- 
ied SPS9, which is a typical AMSB point. The most important difference between 
this point and the previously discussed cases is the near degeneracy between light- 
est neutralino and lightest chargino. This near degeneracy is the reason that the 
chargino decay is dominated by fi.p final states. Varying A and k as before we 
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find a total decay length of (0.12 - 0.16)mni with Br{xf Wv) = (42 - 57)%, 
Br{xi Zl) = (20 - 26)% and Br{x^ hH) = (17 - 40)%. This is especially 
interesting since, similar to Wl in case of the gaugino-like lightest neutralino, the 
decay to Zl of the chargino is linked to the atmospheric angle, see figure 16.121 

6.5.2 Decays of a singlino-like lightest neutralino 

We now turn to the case of a singlino-like LSP. As already explained, this scenario is 
connected to a light singlet scalar and pseudoscalar. Recall, that the particles in the 
fermionic sector are mixed for X,k = 0(10"^) due to the reduced /i-parameter as 
can be seen in figure l^^ We will first discuss the average decay length of the lightest 
neutralino Xi- Figure shows the average decay length in meter for different SPS 
scenarios as a function of the mass of the lightest neutralino ?ti(xi)- Composition 
of the neutralino is indicated by color code, as given in the caption. A, k, and fj, 
are varied in this plot. Note that by variation of the parameter points in figure 
16.131 are chosen in such a way, that all scalar and pseudoscalar states are heavier 
than the lightest neutralino. Singlino purity in this plot increases with decreasing 
mass and for pure singlinos the decay length is mainly determined by its mass and 
the experimentally determined neutrino masses. For neutralino masses below about 
50 GeV decay lengths become larger than 1 meter, implying that a large fraction 
of neutralinos will decay outside typical collider detectors. Note that if one allows 
for lighter scalar states so that at least one of the decays Xi — >■ ^^{Pi)^ appears, 
the average decay length can be easily reduced by several orders of magnitude. 

Again typical decays are Wl, Iqiqj, Zv, vqq, UljV and the invisible decay to iv. 
For the region of to(xi) below the W threshold sec figurc [6TT4l The dominance of vbb 
for smaller values of m{x\) is due to the decay chain x^-^ S^v ^ vbb, whereas for 
larger values of 77i(xi) we find m{Si) > m{xf). Final state ratios show correlations 
with neutrino physics also in this case. As an example we show liljV branching 
ratios versus the solar neutrino mixing angle in figure [^321 Singlino purity for this 
plot \J\f45\^ e [0.75,0.83] and mass m(xi) € [22,53] GeV. The absolute values for 
the branching ratios arc comparable to those of the described SU4 scenario with a 
bino-likc lightest neutralino. We note that for the parameters in figure I5T51 the light 
Higgs 5*2 = /i" decays to XiXi with a branching ratio of Br{S2 ~ hP XiXi) ~ 
(21-91)%. 

Up to now wc have considered values of A and k larger than 10^^. For very 
small values of these couplings, the singlet sector, although very light, effectively 
decouples. This implies that R-parity conserving decays of X2, e.g. decays to final 
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Fig. 6.13: Decay length of the hghtest neutrahno Xi in m as a function of its mass m{xi) 
in GeV for different values of A G [0.2, 0.5], k G [0.025, 0.2] and fi G [110, 170] 
GeV with a dependence of allowed «:(A) similar to |276| and to figure 16.71 and 
Tx = X ■ 1.5 TeV, whereas Tk G [—20, —0.05] GeV is chosen in such a way, 
that no lighter scalar or pseudoscalar states with {m{Si) , m{Pi)} < m(xi) 
appear. Note that the different colors stand for SPSla' (real singlino, [ACisI^ > 
0.5) (gray), SPSla' (mixture state) (black), SPSS (real singlino) (blue), SPSS 
(mixture state) (red) and SPS4 (mixture state) (green). 
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Fig. 6.14: Singlino decay branching ratios as a function of its mass, for the same parameter 
choices as in figure [631 The colors indicate the different final states: ubb (blue), 
liljU (red), Iqiqj (black), Sv (orange) and i/qq {q ^ b, green). 
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Fig. 6.15: Ratio f!^,^-n "^'^^'^^ versus tan'^ 6'soi = tan'^ 612 for the SPSla' scenario and A G 
[0.2, 0.5], fi G [110, 170] GeV, k = 0.0S5, Ta = A ■ 1.5 TeV and T« = -0.7 GeV. 
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states like XiSf, XiPi, Xi^^l or x^qq, are strongly suppressed and the fi,p decay 
modes dominate, implying decays with correlations as in the case of the explicit 



6.6 Phenomenology of the n model 

In the previous section the phenomenology for the one generation case of the model 
has been worked out in detail. Most of the signals discussed so far are independent 
of the number of right-handed neutrinos. However, the n generation variants also 
offer some additional phenomenology, which we discuss here for the simplified case 
of n = 2. 

In the /^i^SSM with one right-handed neutrino superfield a light singlino will 
always imply a light scalar/pseudoscalar. This connection between the neutral 
fermion sector and scalar / pseudoscalar sector is a well-known property of the NMSSM 
(see again |336l 1337) ). In the y^tz/SSM with more than one generation of singlets, 
the off-diagonal terms in equation (j6.4p induce mixing between the different 
generations of singlet scalars and pseudoscalars. This opens up the possibility, not 
considered in previous publications [1981 12761 1328j , to have the singlet scalars con- 
siderably heavier than the singlet fermions. 

Let us illustrate this feature with a simple example. Imagine a light singlino 
vf, and a heavy singlino 1^21 ^ model with non-zero trilinear couplings T^^^. In 
that case, the contributions to the mass of the i>f^ scalar or pseudoscalar, coming 
from the large value of V]i2 are proportional to T^^^. Without these contributions 
the mass of i>i would only depend on the small vm, thus making it light like 
the singlino of the same generation. With non-zero T^^^ the mass of both are 
dominated by the larger of the Vfis- This feature is demonstrated in figure [6?T6l In 
the two plots the lightest neutralino is mostly i/f, with a mass of ^ 50 GeV. These 
plots show the dependence of the masses of the singlet scalar states Re{i'l) and 
Re{i'2) and the corresponding pseudoscalar states Im{Di) and /m(i/|) with V}i2 for 
different values of T^^^ = T^^^. The masses of the light Higgs boson ft," and the 
lightest left-handed sneutrino Im{vi) are also shown for reference. Note that for 
T^^^ = T^^^ = the mass of the state Re{vf) does not depend on vb^i whereas for 
T^^^ = = ^2 GeV the lightest singlet scalar becomes heavier for larger values 
of w_R2- The same feature is present in the pseudoscalar sector, where the effect is 
even more pronounced. 



6.6.1 Correlations with neutrino mixing angles in the n V^-model 

The connection between decays and neutrino angles is not a particular property 
of the 1 P'^-model and is also present in a general n 9'^-model. However, since the 
structure of the approximate couplings Xi ~ ~ different, see appendix [Fl 
we encounter additional features for n — 2. 

As explained in section 16.3.21 we have now two possibilities to fit neutrino data. 
If the dominant contribution to the neutrino mass matrix comes from the A^A^ 
term in equation (j6.51|) one can link it to the atmospheric mass scale, using the 
aiUj term to fit the solar mass scale. This case will be called option fitl. On the 
other hand, if the dominant contribution is given by the aiUj term one has the 
opposite situation, where the atmospheric scale is fitted by the ai parameters and 
the solar scale is fitted by the A^ parameters. This case will be called option fit2. 

For the case of a bino-like lightest neutralino one can show that the coupling is 
proportional to A^ whereas for the case of a singlino-like lightest neutralino the de- 
pendence is on ai, as shown in appendix [Fl Figure [6 . 1 71 shows the ratio Br(^yl^lyr) 
^623) (left) and , ^o^^^ZTl^^y^ versus sin^e^,) (right) for a 
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Fig. 6.16: Masses of the scalar states Re{v^) (green), i?e(t>2) (red) and (blue) and the 
pseudoscalar states Im{Di) (dashed green), /m(i>|) (dashed red) and Im{i>i) 
(dashed blue) as a function of vii2 for different values of T^^^ = T^^^ . To the 
left (a) r^^2 = Ti^^ = whereas to the right (b) T^^^ = T^^^ = -2 GeV. 
The MSSM parameters have been taken such that the standard SPSla' point is 
reproduced. The light singlet parameters ki = 0.16 and vm — 500 GeV ensure 
that in all points the lightest neutralino is mostly vf, with a mass of 47 — 48 
GeV. In addition, Tl = 300 GeV and e [10, 200] GeV. 
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Bino purity |A/'4ip > 0.9. Neutrino data is fitted using option fit2 



tan 612 for a bino LSP. 
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Fig. 6.19: Ratio ^^^^^o^^%'lBr!xO^Wr)2 ^""^ = *'^''' for a singlino LSP. 

Singlino purity |A/'45|'^ > 0.9. Neutrino data is fitted using option fitl. 




Singlino purity |A/'45p > 0.9. Neutrino data is fitted using option fit2. 



bino LSP and option fitl. The correlation with the atmospheric angle and the upper 
bound on Br{xi^Wc) from sin^f^i^) is more pronounced than in the 

1 zJ'^-model, because we fit neutrino data with tree-level physics only. Recall that 
this implies that the ratio |e|^/|A| is much smaller than in the plots shown in the 
previous section. A correlation between -Br(xi->tye) ^^^2 q 

found instead, if neutrino data is fitted with option fit2, as figure I5T51 shows. 

For the case of a singlino LSP the correlations and types of fit to neutrino data 
are swapped with respect to the gaugino case. Since the couplings Xi — — If 
are mainly proportional to a^, instead of A,;, a scenario with a singlino LSP and 
option fitl (fit2) will be similar to bino LSP and option fit2 (fitl). This similarity is 
demonstrated in figures [B.19l and [6.20l To decide which case is realized in nature, one 
would need to determine the particle character of the lightest neutralino. This might 
be difficult at the LHC, but could be determined by a cross section measurement 
at the ILC. We want to note, that in the 2 P^^-model we cannot reproduce all 
correlations for a singlino LSP presented for the 3 9'^-model in j328) . 

The results shown so far in this section were all calculated for the SPSla' sce- 
nario. We have checked explicitly that for all the other standard points results 
remain unchanged. We have also checked that for a LSP with a mass below mw 
the three-body decays Xi hiQj^ mediated by virtual W bosons, show the same 



6. fii^SSM 



104 




10 20 30 40 50 60 70 10 20 30 40 50 60 70 

mix'l) [GeV] mix?) [GeV] 

Fig. 6.21: Decay length of the lightest neutralino and its dependence on the type of fit 



to neutrino data. To the left (a) the decay length of the lightest neutralino 
versus for the case fitl (red) and the case fit2 (blue). To the right (b) 

the ratio L(fitl)/L(fit2) versus m{xi). The MSSM parameters have been taken 
such that the standard SPSla' point is reproduced. The light singlet parameter 
K is varied in the range k £ [0.01,0.1]. In all the points the lightest neutralino 
has a singlino purity higher than 0.99. 



correlations. 

A final comment is in order. In a n P^-model with n > 2, the effective neutrino 
mass matrix will have additional terms with respect to (|6.5ip . due to the contribu- 
tions coming from the new right-handed neutrinos. For this richer structure there is 
one additional contribution to "i^^j, which could be sub-dominant. Therefore, one 
can imagine a scenario in which a third generation of singlets produces a negligible 
contribution to neutrino masses while the corresponding singlino, v^, is the LSP. In 
such a scenario the correlations between the 1/3 LSP decays and the neutrino mixing 
angles will be lost. 



6.6.2 Xi decay length and type of fit 

As already discussed we have two different possiblities to fit neutrino data: A gen- 
erates the atmospheric mass scale and a. the solar mass scale (case fitl), or vice 
versa (case fit2). It turns out that the decay length of the lightest neutralino is 
sensitive to the type of fit, due to the proportionality between its couplings with 
gauge bosons and the fi.^ parameters (see appendix |F] for exact and approximated 
formulas of the couplings Xi — — If and their simplified expressions in parti- 
cular limits). For example, a singlino-like neutralino couples to the gauge bosons 
proportionally to the ai parameters. This implies that its decay length will follow 
L (X and obeys the approximate relation 

^#^-^-6 . (6.58) 

In figure 16.211 the decay length of the lightest neutralino and its dependence on 
the type of fit to neutrino data is shown. Once mass and length are known this 
dependence can be used to determine which parameters generate which mass scale. 
Note that this feature is essentially independent of the MSSM parameters. However, 
this property is lost if either the lightest neutralino has a sizeable gaugino/higgsino 
component or if there are singlet scalars/pseudoscalars lighter than the singlino. 
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Fig. 6.22: Branching ratios Br{xs = -B° -i> Xi) (red) and Br{x° = 5° -i> x") (blue) as 
a function of the mass of the hghtest neutrahno for the scenario considered in 
section [6.6.31 The MSSM parameters have been taken such that the standard 
SPSla' point is reproduced, whereas the singlet parameters are chosen randomly 
in the ranges vri,vr2 G [400,600] GeV, Ai,A2 G [0.0,0.4], T^" = T^^^ G 
[-15,-1] GeV, r,"2 = G [-1.5,-0.005] GeV and Tl,Ti G [0,600] GeV. 
Ki = K2 = 0.16 is fixed to ensure the lightness of the two singlinos. 



6.6.3 Several light singlets 

In scenarios with two (or more) light singlets, the phenomenology has additional 
features. The light Higgs boson h° can decay with measurable branching ratios 
to pairs of right-handed neutrinos of different generations. Similarly, the bino can 
decay to the different light right-handed neutrinos. 

In the following, the case of two light singlinos and two light scalars/pseudo- 
scalars will be considered. For the neutral fermion sector this implies that the mass 
eigenstates Xi and X2 will always be the singlets lyf and 1^2 ^^'^ the bino will be 
the X3- In the scalar sector one has two very light mostly singlet states S° and 5°, 
which are consistent with the LEP bounds. Finally, the state will be the light 
doublet Higgs boson One can also have light singlet pseudoscalars. 

The decays of a bino-like Xs, can be very important to distinguish between the 
one generation model and models with more than one generation of singlets. In 
principle, the most important decay channels strongly depend on the couplings of 
the bino to the two generations of singlinos and the configuration of masses of singli- 
nos and scalars. Therefore, a general list of signals cannot be given. Nevertheless, 
there are some features which are always present: 

When kinematically allowed, the decays X3 ~^ X12 ^i{Pi) dominate, with the 
sum of the branching ratios typically larger than 50 %. The relative importance of 
the different channels is mainly dictated by kinematics. This feature is illustrated 
in figure 16.221 where these two quantities are shown as a function of the mass 
of the lighcst neutralino. The MSSM parameters are fixed to the standard point 
SPSla', with light singlet parameters taken randomly. One can see that the relative 
importance of each singlino cannot be predicted in general, but both branching 
ratios are at least of order 10^"^ — 10~*, given enough statistics. For very light 
singlinos two-body decays including scalars and pseudoscalars are open, and thus 
both Br{x3 x?) and Brlx^ X2) are close to 50%, as expected if the values 
of the singlet parameters are of the same order for the two light generations. On 
the other hand, if the mass of the lightest neutralino is increased some of the two- 
body decays are kinematically forbidden, specially those of the X2; which has to 
be produced through three-body decays, leading to a suppresion in Brlx'^ — Xj)- 
Note that it is also possible to find points where the decay mode X3 Xi 2 '^'2(^2 ) 
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Fig. 6.23: Higgs boson decays as a function of the mass of the hghtest neutrahno for 
the scenario considered in section 16.6.31 To the left (a) the standard decay 
channel /i" — >■ bb, whereas to the right (b) the exotic decays to pairs of singlinos 
h° XiXi (red), h° -)■ X1X2 (blue) and h° X2X2 (black). The parameters 
are chosen as in figure 16.221 



has a branching ratio about 10%-20%, giving additional information. 

The other possible signals are the usual bino decays of the NMSSM. Final states 
with standard model particles, like Xi 2^"*"^" or Xi 299j become very important when 
the decays to scalars and pseudoscalars are kinematically forbidden. 

In addition, the decays of the light Higgs boson /i° can also play a very important 
role in the study of the different generations, provided it can decay to final states 
including xi or this case typically the standard Higgs boson decays are 

reduced to less than 40%, completely changing the usual search strategies. 

In figure 16.231 the branching ratios of standard and exotic Higgs boson decay 
channels are shown. The left plot shows the suppressed branching ratio of the 
standard bb channel. The main decay channel is Xi Xi; but there is a sizeable 
branching ratio to Xi xH- Note that X2 decays dominantly to plus two SM 
fermions. This feature allows us to distinguish between the 1 9'^-model and models 
with more than one generation of singlets. Finally, the branching ratio to X2 X2 
small due to kinematics, but leads to interesting final states with up to eight b-jets 
plus missing energy. 

A final comment is in order. In these kind of scenarios with many light singlets 
x5 decays to vhh can be dominant. This will reduce the available statistics in the 
interesting liljV and Iqiqj channels. Moreover, the correlations are less pronounced 
due to mixing effects in the singlet sector. 

6. 7 Summary 

The phenomenology of the /xz^SSM has been studied in this chapter. This proposal 
solves at the same time the /x-problem of the MSSM and generates small neutrino 
masses, consistent with data from neutrino oscillation experiments. Neutrino data 
put very stringent constraints on the parameter space of the model. Both the left- 
sneutrino vacuum expectation values and the effective bilinear parameters have to 
be small compared to MSSM soft SUSY breaking parameters. As a result all SUSY 
production cross sections and all decay chains are very similar to the NMSSM, the 
only, but phenomenologically very important, exceptions being the decay of the LSP 
and NLSP (the latter only in some parts of the parameter space) plus the decays 
of the lightest Higgses. 

We have discussed in some details two variants of the model. In the simplest 
version with only one generation of singlets 1-loop corrections to the neutralino- 
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neutrino mass matrix need to be carefully calculated in order to explain neutrino 
data correctly. The advantage of this minimal scheme is that effectively it contains 
only six new (combinations of) fi,p parameters, which can be fixed to a large extent 
by the requirement that oscillation data is correctly explained. This feature of the 
model is very similar to explicit bilinear R-parity breaking, although, as we have 
discussed, the relative importance of the different 1-loop contributions is different 
in the /xz/SSM and in bilinear fip . Certain ratios of decay branching ratios depend 
on the same parameter combinations as neutrino angles and are therefore predicted 
from neutrino physics, to a large extent independent of NMSSM parameters. We 
have also calculated the decay length of the LSP, which depends mostly on the LSP 
mass and the (experimentally determined) neutrino masses. Lengths sufficiently 
large to observe displaced vertices are predicted over most parts of the parameter 
space. However, for neutralinos lighter than approximately 30 GeV, decay lengths 
become larger than 10 meters, making the observation of fi.p difficult for LHC ex- 
periments. However, if there is a singlet scalar or pseudoscalar with a mass smaller 
than the lightest neutralino, Xi — >■ S'^iPm)'^ the dominant decay mode and the 
corresponding decay lengths become much smaller, such that the displaced vertex 
signature of fi,p might even be lost in some points of this part of parameter space. 
On the other hand, in case the mass of the lightest scalar is larger than twice the 
singlino mass, the decay S',''„ — 2x1 becomes important, both for S'^ ^ v'^ and 

^ hP- If this kinematical situation is realized also the Higgs search at the LHC 
will definitely be affected. 

The more involved n generation variants of the /xi/SSM can explain all neutrino 
data at tree-level and therefore are calculationally simpler. Depending on the nature 
of the neutralino, neutralino LSP decays show different correlations with either solar 
or atmospheric neutrino angles. This is guaranteed in the two generation version 
of the model and likely, but not always true, for n generations. If the NMSSM 
coupling A is sufficiently small also the NLSP has decays to ftp final states with 
potentially measurable branching ratios. In this part of parameter space it seems 
possible, in principle, to test both solar and atmospheric neutrino angles. If only 
the singlino(s) are light, i.e. the singlet scalars are heavier than, say, the the 
decay length of the singlino is very sharply predicted as a function of its mass 
and either the solar or atmospheric neutrino mass scale. If both, singlinos and 
singlet scalars (or pseudoscalars) are light, bino NLSP and will decay not only 
to the lightest singlinos/singlets but also to next-to-lightest states. This leads to 
enhanced multiplicities in the final states and the possibility to observe multiple 
displaced vertices. 

In conclusion, the fxvSSM offers a very rich phenomenology. Especially scenarios 
with light singlets deserve further, much more detailed studies. 



7. COMPARISON BETWEEN R-PARITY BREAKING SCHEMES 



We now briefly discuss possible differences in collider phenomenology of R-parity 
breaking schemes. Different models of R-parity breaking appear clearly distinct at 
the Lagrangian level. However, at accelerator experiments it can be very hard to 
distinguish the different proposals. This can be easily understood from the fact that 
for a heavy singlet sector all models approach necessarily the MSSM with explicit 
R-parity breaking terms. It is therefore an interesting question to ask, what - if any 
- kind of signals could exist, which at least might hint at which model is the correct 
description of fi.^ . Given the large variety of possibilities and the very limited 
predictive power of the most general cases, any discussion before the discovery of 
SUSY must be rather qualitative. 

First one should mention that not all fi^ models explaining neutrino data show 
correlations between LSP decay branching ratios and neutrino angles. Especially 
the large number of free parameters in trilinear models exclude the possibility to 
make any definite predictions. fi,p models which do show such correlations, on 
the other hand, lead usually to very similar predictions for the corresponding LSP 
decays. For example, fitting the atmospheric data with tree-level fip terms, a bino 
LSP in explicit bilinear models and in the ^i^SSM decay with the same ratio of 
branching ratios into Wl (or Iqtqj) final states. Thus, to distinguish the different 
proposals other signals are needed. 

We will briefly discuss the main differences in collider phenomenology between 
the following three proposals: (i) MSSM with explicit bilinear terms; (ii) Sponta- 
neous fi.p model and (iii) /ij/SSM. Table [7T] shows a brief summary of this compar- 
ison. Differences occur in (a) the observability of a displaced vertex of the lightest 
neutralino decay; (b) the upper limit on the branching ratio of the lightest neu- 
tralino decaying completely invisible and (c) standard versus non-standard lightest 
Higgs decays. 

The decay length of the lightest neutralino is fixed in both, the b-.^^ model and 
the /ii^SSM, essentially by the mass of the lightest neutralino and the experimentally 
determined neutrino masses. For 77i(xi) larger than the W-mass decay lengths 
are typically of the order of 0{mm) and proportional to m^^{xi)- For lighter 
neutralinos, larger decay lengths arc expected, sec figures 16.131 and 16.211 which 
scale like m~^(x5). Shorter decay lengths are not possible in h-fi^ and possible in 
the /ii^SSM only if at least one (singlet) scalar or pseudoscalar is lighter than Xi, 
when Xi ^ 'S'm(-F'm)^ dominates. Since in the /ii^SSM the singlet scalars decay with 
a short decay length to bb, one expects that in the /ij/SSM short Xi decay lengths 
correlate with the dominance of bb + missing energy final states. In the s-fip , on 
the other hand, the x? decay length can be shorter than in the h-fi.p , due to the 
new final state Xi J + where J is the Majoron. Therefore, different from 
the /ii^SSM, the neutralino decay length in the s-^^ model anti-correlates with the 
branching ratio for the invisible neutralino decay. 

Finally, in the h-fip one expects that the decay properties of the lightest Higgs 
(/i°) are equal to the MSSM expectations, the only exception being the case when 
/i° — > 2x? is possible kinematically, in which the Xi decays themselves can then lead 
to a non-standard signal in the Higgs sector. This is different in s-fi,p , where for 
a low-scale of spontaneous R-parity breaking, the can decay to two Majorons, 
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vertex 


Comment 


i3r(invisible) 


Higgs decays 




Yes 


Visible 


< 10 % 


standard 


S-fi.p 


Yes/No 


anti-correlates with 
invisible 


any 


non-standard 
(invisible) 




Yes/No 


anti-correlates with 
non-standard Higgs 


< 10 % 


non-standard 



Tab. 7.1: Comparison of displaced vertex signals, completely invisible final state branch- 
ing ratios for LSP decays and lightest Higgs decays for three different R-parity 
violating models. For a discussion see text. 

i.e. large branching ratios of Higgs to invisible particles are possible. In the ^i^SSM 
the ft," decays can be non-standard, if the lightest singlino is lighter than m(/i°)/2. 
However, since the singlinos decay, this will not lead to an invisible Higgs, unless 
the mass of the singlino is so small, that the decays occur outside the detector. 

To summarize this brief discussion, h-fip , s-fi.p and /iJ^SSM can, in principle, 
be distinguished experimentally if the singlets are light enough to be observed in 
case of s-fi,p and /xz^SSM. We note in passing that we have not found any striking 
differences in collider phenomenology of the /Lti^SSM and the NMSSM with explicit 
bilinear terms. 



8. LEPTON FLAVOR VIOLATION IN SUSY LEFT-RIGHT 

MODELS 



Left-right symmetric models are well motivated extensions of the SM. Apart from 
their original motivation, the restoration of parity at high energies, they have very 
interesting properties. In particular, their particle spectra contain right-handed 
neutrinos and thus they can accommodate a seesaw mechanism, generating neutrino 
masses quite naturally. Moreover, in the case of supersymmetry, and due to the 
inclusion of U{1)b-l in the left-right gauge group, the low energy theory potentially 
conserves R-parity. In this chapter the phenomenology of a SUSY left-right model 
is studied, with emphasis on lepton flavor violation at low energy experiments and 
colliders. The main novelty with respect to minimal seesaw models is the presence 
of signatures in the right slepton sector. These provide a clear hint of the underlying 
left-right symmetry of the model. 

8.1 Introduction 

The most popular explanation for the observed smallness of neutrino masses is cer- 
tainly the seesaw mechanism |174l 11771 11341 1179| . Literally hundreds of theoretical 
papers based on "the seesaw" have been published since the discovery of neutrino 
oscillations |131| . Unfortunately, attractive as this idea might appear from the the- 
oretical point of view, "the seesaw" will never be directly tested due to the high 
scales involve43- 

This situation might change slightly, if supersymmetry (SUSY) is found at the 
LHC, essentially because scalar leptons provide potentially additional information 
about seesaw parameters. Assuming SUSY gets broken at a high energy scale, the 
seesaw parameters leave their imprint on the soft parameters in the RGE running. 
Then, at least in principle, indirect tests of the seesaw become possible. Indeed, 
this has been pointed out already in [344j . where it was shown that lepton flavor 
violating (LFV) off-diagonal mass terms for sleptons are automatically generated in 
seesaw (typc-I) , even if SUSY breaking is completely flavor blind at the GUT scale 
as in minimal supergravity. 

Motivated by the above arguments, many authors have then studied LFV in 
SUSY models. For the seesaw type-I, low energy LFV decays such as k — )• Ij'f and 
k ^ have been calculated in [M3 IMi IMZl IMi [M3 ESS ESIl ESI EMI EZ^ 
e conversion in nuclei has been studied in |354II355] . The type-II seesaw has received 
much less attention, although it has actually fewer free parameters than type-I. The 
latter implies that ratios of LFV decays of leptons can actually be predicted as a 
function of neutrino angles in mSUGRA, as has been shown in }190[ 1356] . Finally, 
for completeness we mention that LFV in SUSY seesaw type-Ill has been studied 
in [357) . 

Measurements at colliders, once SUSY is discovered, can provide additional in- 
formation. LFV decays of left sleptons within mSUGRA have been studied for 
type-I in |358] and for type-II in |3561 1359) . Precise mass measurements might also 
show indirect effects of the seesaw |360l 13611 1362) . Most prominently, type-II and 



Of course, we are referring here to the usual high energy reahzations of the seesaw mechanism. 
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typc-III seesaw contain non-singlet superfields, so gauge couplings run differently 
from pure MSSM. One then expects that sparticle spectra show a characteristic 
"deformation" with respect to mSUGRA predictions. From different combinations 
of masses one can form "invariants" , i.e. numbers which to leading order depend 
only on the seesaw scale |363| . although there are important corrections at 2-loop 
[3561 1357] . which have to be included before any quantitative analysis can be done. 
Experimentally interesting is also that at the LHC the mass splitting between se- 
lectrons and smuons may be constrained down to 0(10^^) for 30 fb^^ of integrated 
luminosity j364| . In mSUGRA, one expects this splitting to be unmeasurably tiny, 
whereas in mSUGRA plus seesaw significantly different masses can be generated, 
as has been shown for type-I in [365) . 

Interestingly, in pure seesaw models with flavor blind SUSY boundary conditions 
all of the effects discussed above show up only in the left slepton sector. Naturally 
one expects that in a supersymmetric model with an intermediate left-right sym- 
metric stage, also the right sleptons should contain some indirect information about 
the high energy parameters. This simple observation forms the main motivation for 
the current investigation |366j . Before entering in the details of our calculation, let 
us first briefly discuss left-right symmetric models. 

8.1.1 Left-right symmetric models 

Quite a large number of different left-right (LR) symmetric models have been dis- 
cussed in the literature. Originally LR models were introduced to explain the 
observed left-handedness of the weak interaction as a consequence of symmetry 
breaking ^367> ,368., 369] , However, LR models offer other advantages as well. First, 
the particle content of LR models contains automatically the right-handed neutrino 
and thus the ingredients for generating a (type-I) seesaw mechanism [^. Second, the 
gauge group SU{3)c x SU{2)l x SU{2)fi x U{1)b-l is one of the possible chains 
through which 50(10) |370[l371j can be broken to the standard model gauge group. 
In addition, it has been shown that they provide technical solutions to the SUSY CP 
and strong CP problems |372| and they give an understanding of the U{1) charges 
of the standard model fermions. Interesting only for the supersymmetric versions of 
LR models, (B-L) is gauged and thus, potentially, the low energy theory conserves 
R-parity [MlllSi- 

This last argument requires possibly some elaboration. R-parity, defined as 
Rp = (— l)3(s-i)-(-2s (.^^j^gj-g ^ a^j^d £j stand for baryon and lepton numbers and s 
for the spin of the particle), is imposed in the MSSM to avoid dangerous baryon 
and lepton number violating operators. However, the origin of Rp is not explained 
within the MSSM. In early LR models SU{2)p doublets were used to break the 
gauge symmetry. The non-supersymmetric model proposed in references |3681 1369] 
introduced two additional scalar doublets xl and XR: where xl = Xl{^, 2, 1, 1) and 
XR = Xi?(l, 1, 2, -1) under 5C/(3)e x 5C/(2)l x SU{2)r x U{1)b-l- Parity conser- 
vation implies that both, xl and XR^ are needed. When the neutral component of 
Xr gets a VEV, (x??) 7^ 0, the gauge symmetry is broken down to the SM gauge 
group. However, XR is odd under U{1)b-l and thus, in the SUSY versions of this 
setup, i?p is broken at the same timqf|. A possible solution to this problem is to 
break the gauge symmetry by SU{2)r fields with even charge under U{1)b-Li i-e. 
by triplets. For a SUSY LR model, this was in fact proposed in reference [373], 
where four triplets were added to the MSSM spectrum: A(l, 3, 1, 2), A'=(l, 1, 3, -2), 
A(l, 3, 1, —2) and A'^(l, 1, 3, 2). Breaking the symmetry by the VEV of A"^ produces 
at the same time a right-handed neutrino mass via the operator L'^A'^L'^, leading 

^ Breaking the LR symmetry with triplets can generate also a type-II 11771 . 
^ This could be solved by imposing additional discrete symmetries on the model that forbid the 
dangerous fi.p operators 12021 . but this cannot be regarded as automatic R-parity conservation. 
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to a type-I seesaw mechanism. Depending on whether or not A gets a VEV, also a 
type-II seesaw can be generated |189j . 

However, whether R-parity is conserved in this setup is not clear. The reason is 
that the minimum of the potential might prefer a solution in which also the right- 
handed scalar neutrino gets a vev, thus breaking Rp, as has been claimed to be the 
case in |374j . Later |375j calculated some 1-loop corrections to the scalar poten- 
tial, concluding that Rp conserving minima can be found. However, this contra- 
dicts the earlier claim j374| that 1-loop corrections can not eliminate the dangerous 
fip minima. On the other hand, as first noted in j376j and later showed by Aulakh 
and collaborators |3771 1378] . by the addition of two more triplets, fi(l,3, 1,0) and 
ri'^(l, 1, 3, 0), with zero lepton number one can achieve LR breaking with conserved 
Rp guaranteed already at tree-level. Lacking a general proof that the model |373| 
conserves Rp we will follow |377l 1378) as the setup for our numerical calculations. 

Finally, for completeness we mention the existence of left-right models with 
R-parity violation. For example, if the left-right symmetry is broken with the 
VEVs of right-handed sneutrinos R-parity gets broken as well and the resulting 
phenomenology is totally different, as shown in |3791 1380] . 

Compared to the long list of papers about indirect tests of the seesaw, surpris- 
ingly little work on the "low-energy" phenomenology of SUSY LR models has been 
done. One loop RGBs for two left-right SUSY models have been calculated in |381j . 
These two models are (with one additional singlet): (a) breaking LR by doublets a 
la [3681 1369] and (b) by triplets following j373| , but no numerical work at all was 
done in this paper. The possibility that right sleptons might have flavor violating 
decays in the left-right symmetric SUSY model of }373j was mentioned in |382j . A 
systematic study of all the possible signals discussed above for the seesaw case is 
lacking and to our knowledge there is no publication of any calculation of these 
signals for the model of [3771 1378j . (For completeness we would like to mention that 
in GUTs based on SU(5) one can have the situation the LFV occurs only in the 
right slepton sector, as pointed out in |383j . However, this model |383j is in a dif- 
ferent class from all the models discussed above, since it does not contain non-zero 
neutrino masses.) 

The rest of this paper is organized as follows. In the next section we define the 
model [37711378) and discuss its particle content and main features at each symmetry 
breaking scale. We have calculated the RGEs for each step complete at the 2- 
loop level following the general description by [384j using the Mathematica package 
SARAH |385l 13861 1387] . A summary is given in the appendix, the complete set of 
equations and the SARAH model files can be found at |388| . Neutrino masses can be 
fitted to experimental data via a type-I seesaw mechanism and we discuss different 
ways to implement the fit. We then turn to the numerical results. The output 
of SARAH has been passed to the program package SPheno |301| for numerical 
evaluation. We calculate the SUSY spectra and LFV slepton decays, such as /p 
^Xi and fi^/p exi and ~^ gMXi; '^^H low-energy decays k —J- Ijj for 
some sample points as a function of the LR and (B-L) scales. Potentially measurable 
signals are found in both, left and right slepton sectors, if (a) the seesaw scale is 
above (very roughly) 10^^ GeV and (b) if the scale of LR breaking is significantly 
below the GUT scale. Since we find sizeable LFV soft masses in both slepton sectors, 
also the polarization in — >■ 67 is different from the pure seesaw expectation. We 
then close with a short summary. 
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Tab. 8.1: Matter content between the GUT scale and the SU{2)r breaking scale. 



8.2 The model 

In this section we define the model, its particle content and give a description of the 
difi^erent symmetry breaking steps. The fit to neutrino masses and its connection 
to LFV violation in the slepton sector is discussed in some detail, to prepare for 
the numerical results given in the next section. We summarize briefiy the free 
parameters of the theory. 

The model essentially follows j3771 1378] . We have not attempted to find a 
GUT completion. We will, however, assume that gauge couplings and soft SUSY 
parameters can be unified, i.e. implicitly assume that such a GUT model can indeed 
be constructed. 

8.2.1 Step 1: From GUT scale to SU{2)r breaking scale 

Just below the GUT scale the gauge group of the model is SU{3)c x SU{2)l x 
SU{2)ft X U{1)b-l- In addition it is assumed that parity is conserved, see below. 
The matter content of the model is given in table 18. ll Here Q, Q'^, L and L'^ are the 
quark and lepton supcrficlds of the MSSM with the addition of (three) right-handed 
neutrino(s) v'^. 

Two $ superfields, bidoublets under SU{2)l x SU{2)ji, are introduced. They 
contain the standard Hj, and 7J„ MSSM Higgs doublets. In this model, two copies 
are needed for a non-trivial CKM matrix. Although there are known attempts to 
build a realistic LR model with only one bidoublet generating the quark mixing 
angles at the loop level |389] . we will not rely on such a mechanism. Finally, the 
rest of the superfields in table 18.11 are introduced to break the LR symmetry, as 
explained above. 

Table 18.11 shows also the gauge charges for the matter content in the model. In 
particular, the last column shows the B — L value for the different superfields. How- 
ever, the following definition for the electric charge operator will be used throughout 
this paper 

Q = hL+hR + ^-^ (8.1) 

and thus the U{1)b^l charge is actually 
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With the representations in table [O] the most general superpotential compat- 
ible with the gauge symmetry and parity is 

W = YqQ^Q'^ + YlL'S>L'' - ^'S>'S> + fLAL + f*L'=A'=L'' 

+ MaAA + MIA" A" + Aln^n + M^n^^" . (8.2) 

Note that this superpotential is invariant under the parity transformations Q O 
(Q'^)*, L o {L")*, $ ^ $1"^ A ^ (A'^)*, A o (A'^)*, n o [Vt")*. This discrete 
symmetry fixes, for example, the L'^A'^L'^ coupling to be /*, the complex conjugate 
of the LAL coupling, thus reducing the number of free parameters of the model. 

Family and gauge indices have been omitted in eq. (j8.2p . more detailed expres- 
sions can be found in |377l . Yq and Y^ are quark and lepton Yukawa couplings. 
However, with two bidoublets there are two copies of them, and thus there are four 
3x3 Yukawa matrices. Conservation of parity implies that they must be hermitian. 
/i is a 2 X 2 symmetric matrix, whose entries have dimensions of mass, / is a 3 x 3 
(dimensionless) complex symmetric matrix, and a is a 2 x 2 antisymmetric matrix, 
and thus it only contains one (dimensionless) complex parameter, ai2- The mass 
parameters Mn and Ma can be exchanged for vr and VBL^ the vacuum expectation 
values of the scalar fields that break the LR symmetry, see below. 

The soft terms of the model are 

+ to|$^'$ + jtiaA^'A -I- mlA'fA + m^cA'^^A'^ 

+ ml^A'^A'-f-TO^ll^f^ + TO^cll'^ll" (8.3) 
+ i [MiB°B" + M2{WlWl + WrWr) + A'hgg + h.c] 



+ [TqQ<S?Q' + TlL<PL'= + TfLAL + T}L'^A''L^ 

+ TaAnA + T*A''n''A^ H- T„r2$$ -i- r^r2'=$$ + h.c] 

+ [B^^^ + Bm^AA + Bm^*A'A" + BMa^^ + Bmo*^"^" + h.c] . 

Again, family and gauge indices have been omitted for the sake of simplicity. The 
LR model itself does not, of course, fix the values of the soft SUSY breaking terms. 
In the numerical evaluation of the RGBs we will resort to mSUGRA-like boundary 
conditions, i.e. TOqXsxs = TOq = mge = m| = m|e, ?tio^2x2 = ™1>, = "^A = 
ml = ml. = ml. = = ,„2^, M,^^ = Mi = Ah = M3, Tq = AoYq,Tl = 
AoYL,Tf = Aof,Ta - Aoa,r„ = Aoa, B^ = S^Sm^ = BoAlA,BMa = B^M^. 
Here Isxs and I2x2 are the 3x3 and 2x2 identity matrices, respectively. The 
superpotential couplings /, Yq and Yl are fixed by the low-scale fermion masses 
and mixing angles. Their values at the GUT scale are obtained by RGE running. 
This will be discussed in more detail in section 15.2.41 

The breaking of the LR gauge group to the MSSM gauge group takes place in 
two steps: SU{2)r x U{1)b~l U{1)r x U{1)b-l ^ U{1)y- In the first step the 
neutral component of the triplet il takes a VEV: 

(17^°) = ^ (8.4) 

which breaks SU{2)r. However, since /3fl(fi'^'^) = there is a £^(1)^ symmetry left 
over. Next, the group U{1)r x U{1)b-l is broken by 

(A^") = ^, (A^°) = ^- (8.5) 
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Tab. 8.2: Matter content from the S(7(2)_r breaking scale to the U{1)b-l breaking scale. 



The remaining symmetry is now [/ ( 1 ) y with hypercharge defined as y = I3R + ■ 
The tadpole equations do not link fi^, A"^ and A^ with their left-handed coun- 
terparts, due to supersymmetry. Thus, the left-handed triplets can have vanishing 
VEVs |377] and the model produces only a typc-I seesaw. 

Although a "hierarchy" between the two breaking scales may exist, vbl ^ vr, 
one cannot neglect the effects of the second breaking stage on the first one, since 
mass terms of fi and A enter in both tadpole equations. If we assume vbl = w^l 
the tadpole equations of the model can be written 

1^ = 4\Mn\^VR + llal^l^VR - ]-vl^ [a*(A/A + Mn) + c.c] = , (8.6) 
avR 2 2 

\Ma\^vbl + 7|aP(w|L + vl)vBL 



dvBL 4 

-^VBLVR [a {Ma + Mn) + c.c] = . (8.7) 

In these equations (small) soft SUSY breaking terms have been neglected. Similarly, 
at this stage there are no electroweak symmetry breaking VEVs Vd and Vu. From 
equations (|8.6p and (j8.7|) one sees that, in fact, there is an inverse hierarchy between 
the VEVs and the superpotential masses Ma, Mq, given by 

^^^2Ma^ I'BL = -(2MaA/o)^/^ (8.8) 
a a 

And so, Vbl ^ vr requires Ma ^ Mn, as has already been discussed in |377) . 



8.2.2 Step 2: From SU{2)r breaking scale to U{1)b~l breaking scale 

At this step the gauge group is SU{S)c x SU{2)l x U{1)r x U{1)b-l- The particle 
content of the model from the SU (2) r breaking scale to the U {1)b-l breaking scale 
is given in table 18.21 

Some comments might be in order. Despite Ma being of the order of vr (or 
larger), see eq. (j8.8p . not all components of the A superfields receive large masses. 
The neutral components of A"^ and A'^ lie at the vbl scale. One can easily check 
that the F-term contributions to their masses vanish in the minimum of the scalar 
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potential eq. (|8.8p . Moreover, fi'^ does not generate D-terms contributions to their 
masses. Therefore, contrary to the other components of the A triplets, they only get 
masses at the vbl scale. On the other hand, one might guess that all components in 
the ri,f2'^ superfields should be retained at this stage, since their superpotential mass 
Mq is required to be below vbl- However, some of their components get contribu- 
tions from SU{2)ii breaking, and thus they become heavy. The charged components 
of fl'^ do develop large masses, in the case of the scalars through D-terms, while in 
the case of the fermions due to their mixing with the charged gauginos , which 
have masses proportional to w/f. However, the neutral components of fi*^ do not 
get SU{2)fi breaking contributions, since they have /3fl;(r2'^°) = 0, and then they 
must be included in this energy regime. See reference [378] for a more quantitative 
discussion. 

After SU{2)b, breaking the two bidoublets $i and $2 get split into four SU{2)l 
doublets. Two of them must remain light, identified with the two Higgs doublets 
of the MSSM, responsible for EW symmetry breaking, while, at the same time, the 
other two get masses of the order of va . This strong hierarchy can be only obtained 
by imposing a fine-tuning condition on the parameters involved in the bidoublet 
sector. 

The superpotential terms mixing the four SU (2) l doublets can be rewritten as 

= (Mf^lHHf (8.9) 

where = {H^,H^) and ~ (H^^jH^) are the interaction eigenstates. In this 
basis reads the matrix 

where the relations /i^- = and cty = —aji have been used and Mji = ^ has 
been defined. In order to get two light doublets we impose the fine-tuning condition 
[575] 

Det(Afff) = ^ill^i22 - (m?2 - "L^^D = . (8.11) 

The result of eq. (|8.1ip is to split the two Higgs bidoublets into two pairs of doublets 
{Hd, Hu)l and {Hd, Hu)r, where (Hd, Hu)l is the light pair that appears in table 
18.21 and (Hd, Hu)b. ^ heavy pair with mass of order of vr. In practice, equation 
(|8.11|) implies that one of the superpotential parameters must be chosen in terms of 
the others. Since this fine-tuning condition is not protected by any symmetry, the 
RGEs do not preserve it, and one must impose it at the SU{2)jf breaking scale. In 
our computation we chose to compute /in in terms of the free parameters /ii2, /i22, 
ai2 and vn. 

In order to compute the resulting couplings for the light Higgs doublets one must 
rotate the original fields into their mass basis. Since Mh is not a symmetric matrix 
(unless ai2 = 0) one has to rotate independently and Hi, i.e. = DH^J\ 
Hi ~ UH"\ where D and U are orthogonal matrices and H™ = {Hlj^,H^) and 
= {HI,H^) are the mass eigenstates. This way one finds 

Wm = {HifMnHl = {H:rfD^MHUH:- = {H^fMuH:: (8.12) 

where Mh is a diagonal matrix, with eigenvalues 

M|,i = 0, 



Ml.2 = -^{a\2M|^ + 2al2Ml{^il^~^il^) + {^il^ + ^ll^f) . (8.13) 
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The D and U rotations are, in general, different. We can compute them by using 
the following identities 

Mfj^iMnfMH = U^iMnfMnU, (8.14) 

where we used DD^ = D^D = UU'^ = U^U = I. If we parametrize the rotations 
as 

D=( '^i'), U=( '""'^ ^^"M (8.15) 

y — sm 6*1 cos Oi J \^ — sm O2 cos O2 J 

one gets 

Hi = cos 6I1 i/f + sin OiHf , 

Hi = -sineiHlj; +cos9iHI^ , (8.16) 

and similar for H^- In general the angles 9i and 02 are different. However, they 
are connected to the same matrix Mh and can be calculated by diagonalizing 
MHiMn f or (Mh^Mh- Using eq. (jSia one finds 

tan^i, = (8.17) 

In these expressions Det(MH) = has been used to simplify the result. Exact 
Det(M/f) = implies that the ^-term of the MSSM is zero, so this condition can 
only be true up to small corrections, see the discussion below. Note that there 
are two interesting limits. First, ^12 S> ai2Mfj : this implies tan^i = tan02 and 
therefore D = U. This is as expected, since that limit makes Mh symmetric. And, 
second, ^12 ^ 012 Afi? : this implies tan 6*1 = — tan 612 and therefore D = . 
The superpotcntial at this stage is 

W = YuQHuu" + YdQHdd' + Y^LHae" + Y,LH,y + ^iHaHa 

+ bnHdHu + bcn''"HdHu + Mnnn + Mn^n^^n''". (8. is) 

Particles belonging to the same SU (2) r gauge multiplets split due to their different 
^7(1)^ charges. At this stage both the LR group, that symmetrizes the SU{2)l and 
SU{2)r gauge interactions, and the discrete parity symmetry that we imposed on 
the couplings are broken. 
The soft terms are 

- Csoft = mgQ^ Q + ml._u''^ u'' + mlcd''^ d'' + mlD L + m^c 

+ ml^HlHu + ml^HlHd + m2^.oA^°^A^° 

+ m|<,oA=*'^A^" + m^j0^f7 + m2j.ol^""^17"° (8.19) 

+ i [MiB^B^ + MlWlWl + MrW'^W^ + M^^gg + h.c] 

+ [TuQHuU^ + TdQHdd'-' + T.LHde' + T,LHui^^ 

+ Tj^O'^O'^M'^ + T„i^A'=°l]""A"° + TbVLHdHu + n^n^^HdHu + h.c] 

+ [Bf^HuHd + Bm^^ A'^OA^" + BM^nn + BA/el7=Oj7'=o + h.c] . 



Again we suppress gauge and family indices. 
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Wc must impose matching conditions at the SU{2)ji breaking scale. These are 
for superpotential parameters given by 

Yd = Y^ cos 9i - Y^ sin 0i , Yu = -Y^ cos 62 + Y^ sin 62 , 

Ye = Yl cos 61 - Yl sin 6*1 , Y^ = -YI cos 6*2 + YI sin 6*2 , 



,1 



a 



fc /% -c ^ , 

Mie = A/A , Mn^ = A/* , 

b = 2ai? , &c = %/2a*i? , (8.20) 

where R ~ sm{6i —62)- For the soft masses we have 

(8.21) 



ml. 


= m% 


= 


m% 


= mla 


= ml. 




m\c_o 


= m\. 




m\.o 


= to|. 






= "loc 


Ml 




= A/2 . 



The matching of the soft trihnears foUows corresponding conditions. In addition, 
one has 

m|j^ = cos^ 6*1(7711)11 + sin^ 6*1(7711)22 - sin6'i cos6'i [(m|)i2 + (m|)2i] , 
m]j^ = cos^ 6*2(7711)11 +sin^ 6*2(7711)22 - sin 6*2 cos6'2 [(m|)i2 + (77i|)2i] , 

as obtained when the operator 7n|$^^$ is projected into the hght Higgs doublets 
operators {H^)^ and [H^)^ H^. Gauge couplings are matched as = gn = 92- 

8.2.3 Step 3: From U{1)b-l breaking scale to EW/SUSY scale 

We mention this stage only for completeness, since the last regime is just the usual 
MSSM. We need matching conditions in the gauge sector. Since U{1)r x U{1)b-l 
breaks to U{1)y, the MSSM gauge coupling gi will be a combination of ga and 
gsL- The resulting relationship is 

_ V^gngBL , . 

Analogously, the following condition holds for gaugino masses 



Mi(MSSM) = ^aUh+Y^LMR 23) 



Note that in the last two equations the gauge couplings are GUT-normalized. Elec- 
troweak symmetry breaking occurs as in the MSSM. We take the Higgs doublet 
VEVs 

{H"d) = ^ , = ^ , (8.24) 

as free parameters and then solve the tadpole equations to find /xmssm and i?''. 
Mmssm must be different from zero, that is Det(A/^f) can not be exactly zero. 
Instead the tuning must be exact up to Det^AIn) = C'(a^mssm)- This strong fine- 
tuning is required for a correct EWSB and is nothing but the /i-problem of the 
MSSM, which we do not attempt to solve here. Finally, tan /3 = is used as a free 
parameter. Also the sign of ^mssm is not constrained as usual. 
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8.2.4 Neutrino masses, LFV and Yukawa couplings 

Neutrino masses are generated after U{1)b-l breaking through a type-I seesaw 
mechanism. The matrix leads to Majorana masses for the right-handed neutrinos 
once A'^ ° gets a VEV. We define the seesaw scale as the lightest eigenvalue of 

Ms = flvBL ■ (8.25) 

As usual, we can always rotate the fields to a basis where Ms is diagonal. 
However, this will introduce lepton flavor violating entries in the Y^. Yukawas, see 
discussion below. As mentioned above, contrary to non-supersymmctric LR models 
[177j . there is no type-II contribution to neutrino masses. 

Global fits to all available experimental data provide values for the parameters 
involved in neutrino oscillations, see table 13.1] for updated results. As first observed 
in |211] . these data imply that the neutrino mass matrix can be diagonalized to a 
good approximation by the so-called tri-bimaximal mixing pattern: 



Utbai — 
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V3 
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(8.26) 



The matrix product Y,^ ■ {fl)^^ ■ Yj is constrained by this particular structure. LFV 
entries can be present in both Y^, and fl, see also the discussion about parameter 
counting in the next subsection. However, in the numerical section we will consider 
only two specific kinds of fits: 

• y^-fit: flavor structure in Y^ and diagonal f^. 

• /-fit: flavor structure in fl and diagonal YJy. 

While at first it may seem either way of doing the fit is equivalent, fl and Yy in our 
setup can leave different traces in the soft slepton mass parameters if vbl ^ Vft.. 
This last condition is essential to distinguish between both possibilities, because 
otherwise one obtains the straightforward prediction that LFV entries in left and 
right slepton are equal, due to the assumed LR symmetry above vr. 

These two types of fit were already discussed in reference |390j . which inves- 
tigates low energy LFV signatures in a supersymmctric seesaw model where the 
right-handed neutrino mass is generated from a term of the form /A^i^^i^^. When 
the scalar component of A"^ acquires a VEV a type-I seesaw is obtained, generating 
masses for the light neutrinos. Therefore, this model has the ingredients to accom- 
modate a Fiy-fit, named as Dirac LFV in |390] . or a /-fit, named as Majorana LFV. 
Note, however, that the left-right symmetry, central in our work, is missing in this 
reference, thus implying different signatures at the electroweak scale. 

The difference in phenomenology of the two fits can be easily understood consid- 
ering approximated expressions for the RGBs for m\ and m^c . In the flrst step, from 
the GUT scale to the vr scale RGEs at 1-loop order can be written in leading-log 
approximation as [382] 

Ami = (3//t + t) (3™g + AD In (!^) , 

A-L = -^(3/t/ + yi^-)Vf))(3™§+Ag)ln(^) . (8.27) 

Of course, also the A parameters develop LFV off-diagonals in the running. We 
do not give the corresponding approximated equations for brevity. After parity 
breaking at the vr scale the Yukawa coupling Y^ splits into Yg , the charged lepton 
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Yukawa, and Y,^, the neutrino Yukawa. The later eontributes to LFV entries in the 
running down to the vbl scale. Thus, 



where m\\yj^ is the matrix m\ at the scale vr and A'^\y^ is defined as Tg = Y^Ag 
and also has to be taken at vu. In order to understand the main difference between 
the two fits, let us first consider the /-fit. This assumes that is diagonal at 
the seesaw scale and thus the observed low energy mismatch between the neutrino 
and charged lepton sectors is due to a non-trivial fiavor structure in Of course, 
non-diagonal entries in / generate in the running also non-diagonal entries in Y^, 
and Ye, but these can be neglected in first approximation. In this case, equations 
(|8.27|) and (|8.28p show that the LR symmetry makes and m^c run with the same 
fiavor structure and the magnitudes of their off-diagonal entries at the SUSY scale 
are similar. If, on the other hand, Y^ is non-trivial (YJy-fit), while / is diagonal, the 
running from the GUT scale to the vr scale induces again the same off-diagonal 
entries in m| and n7|e. However, from vji to vbl the ofi-diagonals entries in 
continue to run, while those in m^c do not. This effect, generated by the right- 
handed neutrinos via the Y^ Yukawas, induces additional fiavor violating effects in 
the L sector compared to the R sector. Seeing LFV in both left- and right slepton 
sectors thus allows us to indirectly learn about the high energy theory. We will 
study this in some detail in the phenomenology section below, where the numerical 
results will be presented. 



Let us bricfiy summarize the free parameters of the model. With the assumption of 
mSUGRA (or better: mSUGRA-like) boundary conditions, in the SUSY breaking 
sector we only have the standard parameters mo, M1/2, A^, tan/3, sign{^MSSM)- 
Thus, we count parameters in the soft terms. We note in passing that the soft 
terms of the heavy sector, of course, do not have to follow strictly the conditions 
outlined in equation (j8.3p . as long as these parameters are small compared to vbl 
there are no changes compared to the above discussion. 

In the supcrpotcntial we have a, a, /i. Ma and Mq. This leaves, at first sight, 7 
parameters free. However, we can reduce them to 4-1-2 parameters as follows. Since 

= —aji, a only contains one free parameter: ai2. The matrix fi has 3 entries, 
but one of them, fiu, is fixed by the fine-tuning condition Det(Mij) = C(MMgsM)- 
This leaves two free parameters, ^12, ^122- We have traded Ma and Mq for the 
VEVs Vr, Vbl, since ln(;;j^) and ln( ^^^^ ) enter into the RGBs and thus can, 
at least in principle, be determined from low-energy spectra. There are then in 
summary 6 parameters, four independent of low-energy constraints and two which 
could be fixed from LFV data, see below. 

In addition, in the superpotential we have the Yukawa matrices Yq. , Y^. and /. 
Let's consider the quark sector first. Since we can always go to a basis in which one 
of the Yq. is diagonal with only real entries, there are 12 parameters. Ten of them 
are fixed by six quark masses, three CKM angles and the CKM phase, leaving two 
phases undetermined. 

In the lepton sector we have the symmetric matrices, and Y^^. As with 
the quark sector, a basis change shows that there are only 12 free parameters. / is 
symmetric and thus counts as another 9 parameters. Going to a basis in which / is 
diagonal does not reduce the number of free parameters, since in this basis we can 
no longer assume one of the Y^. to be diagonal. In summary there are thus free 21 
parameters in these three matrices. 




(8.28) 



8.2.5 Parameter counting 
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In the simple, pure seesaw type-I with three generations of right-handed neu- 
trinos the number of free parameters is 21. Only 12 of them can be fixed from 
low-energy data: three neutrino and three charged lepton masses, three leptonic 
mixing angles and three phases (two Majorana and one Dirac phase). However, as 
pointed out in |347j . in principle, contains 9 observable entries and thus, if the 
normalization (i.e. toq, Aq, tan /? etc.) is known from other sfermion measurements, 
one could re-construct the type-I seesaw parameters 

How does the SUSY LR model compare to this? We have, as discussed above, 
also 21 parameters in the three coupling matrices, but neutrino masses depend also 
on vbl- However, in principle, we have 9 more observables in m^c, assuming again 
that the soft SUSY breaking terms can be extracted from other measurements. 
Since in the RGEs also vji appears we have in total 23 parameters which need to be 
determined. The number of observables, on the other hand is fixed to 30 in total, as 
we have 12 (low-energy lepton sector) plus 9 (left sleptons) plus 9 (right sleptons) 
possible measurements. 

8.3 Phenomenology 

8.3.1 Procedure for numerics 

All necessary, analytical expressions were calculated with SARAH. For this pur- 
pose, two different model files for the model above the two threshold scales were 
created and used to calculate the full set of 2-loop RGEs. SARAH calculates the 
RGEs using the generic expressions of [384] in the most general form respecting the 
complete flavor structure. These RGEs were afterwards exported to Fortran code 
and implemented in SPheno. As starting point for the RGE running, the gauge 
and Yukawa couplings at the electroweak scale are used. In the calculation of the 
gauge and Yukawa couplings we follow closely the procedure described in reference 
[30 Ij : the values for the Yukawa couplings giving mass to the SM fermions and the 
gauge couplings are determined at the scale Mz based on the measured values for 
the quark, lepton and vector boson masses as well as for the gauge couplings. Here, 
we have included the 1-loop corrections to the mass of W- and Z-boson as well as 
the SUSY contributions to Svb for calculating the gauge couplings. Similarly, we 
have included the complete 1-loop corrections to the self-energies of SM fermions 
[391] . Moreover, we have resummed the tan/3 enhanced terms for the calculation 
of the Yukawa couplings of the 5-quark and the r- lepton as in |301j . The vacuum 
expectation values and u„ are calculated with respect to the given value of tan f3 
at AIz. Since we are working with two distinct threshold scales, not all heavy fields 
arc integrated out at their mass and the corresponding 1-loop boundary conditions 
at the threshold scales are needed. It is known that these particles cause a finite 
shift in the gauge couplings and gaugino masses. The general expressions are |392| 

9. ^ 9.{l±jt^9Mirnn^^)) , (8.29) 

M. - ^^^(l±li5?^^Mln(^)) . (8.30) 

/| (r) is the Dynkin index of a field transforming as representation r with respect to 
the gauge group belonging to the gauge coupling gi, M is the mass of this particle 
and Mt is the threshold scale. When evaluating the RGEs from the low to the 
high scale, the contribution is positive, when running down, it is negative. The 
different masses used for calculating the finite shifts are the eigenvalues of the full 



* Of course, this discussion is slightly academic, since at least one of the Majorana phases will 
never be measured in praxis. 



8. Lepton Flavor Violation in SUSY Left-Right models 



122 



60 
50 
40 

ii 

30 
20 
10 

2 4 6 8 10 12 14 16 

lugio (gTv) 

Fig. 8.1: 1-loop running of the gauge couplings for the choice of scales msuSY = 1 TeV, 

2 

vbl ~ 10^'' GeV and vr — 10^^ GeV. The dependence of Q~^, where = 
on the energy scale ^ is shown. Different gauge couplings are represented in the 
different energy regimes. For /i £ \mz,VBL\ one has a^^ (blue), (green) and 
o-Y^ (red). For /i £ [vbl,vr\ one has a^^ (blue), (green), (purple) and 
•^BL (red). For /i > one has a^^ (blue), a^^ = Qf£^ = (green) and 
(red). 

tree-level mass matrix of the charged, heavy particles removed from the spectrum. 
The correct mass spectrum is calculated in an iterative way. 

Some comments on the determination of the GUT scale are now in order. In 
our numerical procedure the GUT scale is defined as the scale at which qbl = 92 = 
gcuT holds. Generally, there is difference with 173 to gcuT in the percent range, the 
actual numerical mismatch depending on the scales vbl and vji and being larger 
for lower values oi vbl and v^. Figure [5TT] shows an example for the choice of 
scales msusY = 1 TeV, vbl = 10^^ GcV and = 10^^ GeV. It has been stressed 
in particular in |393| that within supcrsymmetric LR models, the LR symmetry 
breaking scale has to be close to the GUT scale, otherwise this mismatch will grow 
too large. 

However, several solutions are known. In |394| it was pointed out that GUT 
thresholds - unknown unless the GUT model, including the complete Higgs sector 
used to break the GUT symmetry, is specified - can lead to important corrections, 
accounting for this apparent non-unificatior|f|. Another possibility is the addition 
of new particles to the spectrum. As clearly seen in figure 18.11 unification is not 
obtained due to a too fast running of 53. This can be fixed by adding new supcrficlds 
charged under SU{3)c but singlet under the other gauge subgroups, as pointed out 
in |396j . Two examples are shown in figure 18.21 where the addition of triplets of 
SU{3)c has been considered. To the left, one generation is added at msusY, whereas 
to the right five generations arc added at vbl- In both cases the new contributions 
to the running of 53 are sufficient to obtain gauge coupling unification. 

Nevertheless, in our numerical procedure we simply use gBL = 92 = 9gut and 
attribute departures from complete unification to (unknown) thresholds and/or the 
existence of additional colored particles below mcuT- 

After applying the GUT scale boundary conditions, the RGBs are evaluated 
down to the low scale and the mass spectrum of the MSSM is calculated. The 
MSSM masses are, in general, calculated at the 1-loop level in the DR scheme 
using on-shell external momenta. For the Higgs fields also the most important 2- 




^ For a discussion of these effects in the context of 5(7(5) see 13951 . 
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Fig. 8.2: 1-loop running of the gauge couplings for the choice of scales tususy = 1 TeV, 
vbl = 10^'' GeV and vn = lO'^^ GeV. Contrary to figure 18.11 gauge coupling 
unification is obtained thanks to additional colored superfields. In the left panel, 
one triplet under SU{i)c, singlet under the other gauge subgroups, is added at 
nnsuSY, whereas in the right panel five generations of the same superfield are 
added at vbl. See figure WT\ for the color code. 



loop contributions are taken into account. We note that the corresponding Fortran 
routines are also written by SARAH but they are equivalent to the routines included 
in the public version of SPheno based on |391| . The iteration stops when the largest 
change in the calculation of the SUSY and Higgs boson masses at msusY is below 
one per-millc between two iterations. 

8.3.2 Mass spectrum 

The appearance of charged particles at scales between the electroweak scale and the 
GUT scale leads to changes in the beta functions of the gauge couplings [1901 1363j . 
This does not only change the evolution of the gauge couplings but also the evolution 
of the gaugino and scalar mass parameters |363[ I356j . The LR model contains 
additional triplets, and similar to what is observed in the seesaw models [357| the 
mass spectrum at low energies is shifted with respect to mSUGRA expectations. 
Two examples of this behaviour are shown in figure 18.31 In this figure we show the 
two lightest ncutralino masses and the masses of the left and right smuons versus 
Vbl (left side) and vr (right side). We note that also all other sfermion and gaugino 
masses show the same dependence and in general smaller values are obtained for 
lower values of vbl and vr. One finds that gaugino masses depend stronger on vbl 
and vn than sfermion masses and that right sleptons are the sfermions for which 
the sensitivity to these VEVs is smallest. 

The change in the low energy spectrum, however, maintains to a good degree 
the standard mSUGRA expectation for the ratios of gaugino masses, as shown in 
figures [5^ and [5751 Here, figure 15^ shows the ratios M1/M2 and M2/M3 versus 
Vbl, while figure [531 shows the same ratios versus vr. Shown are the results for 
three different SUSY points, which in the limit of vr^vbl it^gut approach the 
standard SPS points SPSla' [302, SPS3 and SPSS [MI]- For example, the ratio 
M1/M2 is expected to be i5/3)taiP9w ^ 0.5 at 1-loop order in mSUGRA. The 
exact ratio, however, depends on higher order corrections, and thus on the SUSY 
spectrum. The LR model will thus appear rather mSUGRA like, if these ratios are 
measured. Only with very high precision on mass measurements, possible only at 
a linear collider, can one hope to find any (indirect) dependence on vbl and v^. 
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Fig. 8.3: Example of spectra at the SUSY scale and its dependence on vbl (left side) 
and vr (right side). The masses of four states are shown: x? (blue line), X2 
(blue dashed line), fiR (red line) and fiL (red dashed line). In both panels the 
mSUGRA parameters have been taken as in the SPSS benchmark point. 
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Fig. 8.4: Gaugino mass ratios as a function of vbl for the fixed value vr — 10 GeV. 

To the left, M1/M2, whereas to the right M2/M3. In both figures the three 
colored lines correspond to three mSUGRA benchmark points: SPSla' (blue), 
SPSS (green) and SPSS (red). Note the small variation in the numbers on the Y 
axis. 
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Fig. 8.5: Gaugino mass ratios as a function of vr for the fixed value vbl = 10 GeV. 

To the left, M1/M2, whereas to the right M2/M3. In both figures the three 
colored lines correspond to three mSUGRA benchmark points: SPSla' (blue), 
SPSS (green) and SPSS (red). Note the small variation in the numbers on the Y 
axis. 



8.3.3 Low energy LFV 

Lepton flavor violation in charged lepton decays has attracted a lot of attention 
for decades. Processes like fj, ej are highly suppressed in the standard model 
(plus non-zero neutrino masses) due to the GIM mechanism (224j . and thus the 
observation of these rare decays would imply new physics. The MEG experiment 
[293j is currently the most advanced experimental setup in the search for /z"*" — >■ e'^j. 
This rare decay will be observed if its branching ratio is above the MEG expected 
sensitivity, around i?r(/i — > e-f) ~ 10^^'^. 

LFV decays like li — > Ijj are induced by 1-loop diagrams with the exchange of 
neutralinos and sleptons. They can be described by the effective Lagrangian, see 
for example the review [319) . 

TD " — 

^eff = e^ka^^F^^'^iAlPL + A^Pr)!, + h.c. . (8.31) 

Here Plm. = ^(1 T 75) are the usual chirality projectors and therefore the cou- 
plings Al and Ar are generated by loops with left and right sleptons, respectively. 
In our numerical calculation we use exact expressions for A^ and Ar. However, for 
an easier understanding of the numerical results, we note that the relation between 
these couplings and the slepton soft masses is very approximately given by 

^^■^i!^ A^^^{j!p2L^ (8.32) 

''^SUSY ''^SUSY 

where msusY is a typical supersymmetric mass. Here it has been assumed that (a) 
chargino/neutralino masses are similar to slepton masses and (b) A-terms mixing 
left-right transitions are negligible. Therefore, due to the negligible off-diagonal 
entries in m^c, a pure seesaw model predicts An ~ 0. 

The branching ratio for li Ij^ can be calculated from the previous formulas. 
The result is 

Br{k ^ 1,1) = ^ {\A^l? + \A%\') Br{k ^ l,v,D,) . (8.33) 

Figure [521 shows two examples for Br{fi — > ej) in the mo, Afx/2 plane. Here, we 
have fixed vbl = 10^"^ GeV and vr = lO^^ GeV and show to the left Ms = lO^^ 
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Fig. 8.6: Contours of Br{fx — >■ e^) in the mo,Mi/2 plane for vbl = 10^'' GeV and vr = 
10^^ GeV. To the left Ms = 10^^ GeV, whereas to the right Ms = 10^^ GeV. 
Neutrino oscillation data have been fitted with the Yi, fit, assuming degenerate 
right-handed neutrinos. Mm = Ms- 



GeV, whereas to the right Ms = 10^^ GeV. Once Yukawas are fitted to explain the 
observed neutrino masses, the branching ratio shows an approximately quadratic 
dependence on the seesaw scale, with lower Ms giving smaller Br{^ — >■ ej). As 
expected, the branching ratio also strongly decreases as mo and/or A/1/2 increase. 
This is because the superparticles in the loops leading to — >■ 67 become heavier 
in these directions, suppressing the decay rate. In fact, from equations (|8.32[) and 
(|8.33p one easily finds the dependence 



Br{n ^ 67) ^ -j^ — r , (8.34) 

'"'SUSY 



which shows that Br{ji — > 67) decreases as msusv 

It is also remarkable that for a given seesaw scale, Br{ji — !■ ej) is sizeably larger 



in the LR model than in a pure seesaw typc-I model, sec for example [359j . The 
explanation of this is that right sleptons contribute significantly in the LR model 
to Br{p, — > 67) and these contributions are absent in seesaw models. 

As already discussed, a pure seesaw model predicts simply ~ 0. However, in 
the LR model we expect a more complicated picture. Left-right symmetry implies 
that, above the parity breaking scale, non-negligible flavor violating entries are 
generated in m^c. Therefore, 7^ is obtained at low energy. The angular 
distribution of the outgoing positron at, for example, the MEG experiment could 
be used to discriminate between left- and right-handed polarized states [397[ 1398) . 
If MEG is able to measure the positron polarization asymmetry, defined as 

there will be an additional observable to distinguish from minimal seesaw models. 
In a pure seesaw model one expects ~ +1 to a very good accuracy. However, the 
LR model typically leads to significant departures from this expectation, giving an 
interesting signature of the high energy restoration of parity. 

Figure [8T7l shows contours for A{fJ,~^ e'^j) in the mo,Afi/2 plane. For the 
corresponding branching ratios see figure 18.61 Note the rather strong dependence 
on mo. The latter can be understood as follows. Since vbl in these examples is one 
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order of magnitude smaller than vr, and the fit has been used, the LFV mixing 
angles in the left slepton sector are larger than the corresponding LFV entries in 
the right sleptons. At very large values of mo, were the masses of right and left 
sleptons are of comparable magnitude, therefore "left" LFV is more important and 
the model approaches the pure seesaw expectation. At smaller values of mo, right 
sleptons are lighter than left sleptons, and due to the strong dependence of — >■ 67 
on the sfermion masses entering the loop calculation, see eq. (j8.32p , and Al can 
become comparable, despite the smaller LFV entries in right slepton mass matrices. 
In the limit of very small right slepton masses the model then approaches ^ '--^ 0. 
We have not explicitly searched for regions of parameter space with ^ < 0, but one 
expects that negative values for A are possible if vbl is not much below and 
sleptons are light at the same time, i.e. small values of mo and Mi/ 2- Note that, 
again due to the LR symmetry above to vr, the model can never approach the limit 
A = —1 exactly. 

The positron polarization asymmetry is very sensitive to the high energy scales. 
Figure EH shows A as a function of vr for Ms = 10" GeV, vbl = 10" GeV and 
the mSUGRA parameters as in the SPSS benchmark point. The plot has been 
obtained using the Y^, fit. This example shows that as vr approaches ttigut the 
positron polarization A approaches +1, which means A^ dominates the calculation. 
This is because, in the Y^^ fit, the right-handed LFV soft slepton masses, and thus 
the corresponding Ar coupling, only run from mcuT to vr. 

^(/i"*" — e^^) also has an important dependence on the seesaw scale. This is 
shown in figure 18.91 where A is plotted as a function of the lightest right-handed 
neutrino mass. This dependence can be easily understood from the seesaw formula 
for neutrino masses. It implies that larger Ms requires larger Yukawa parameters 
in order to fit neutrino masses which, in turn, leads to larger flavor violating soft 
terms due to RGE running. However, note that, for very small seesaw scales all 
lepton flavor violating effects are negligible and no asymmetry is produced, since 
Al^ Ar^ 0. 

In addition, figure [57^ shows again the relevance of vr, which determines the 
parity breaking scale at which the LFV entries in the right-handed slepton sector 
essentially stop running. Lighter colors indicate larger vr. As shown already in 
figure for a particular point, the positron polarization approaches -fl as vr^ is 
increased. 
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Fig. 8.8: Positron polarization asymmetry A{fJ.'^ — >■ 6^7) as a function of vr for the pa- 
rameter choice Ms = 10^^ GeV and vbl = lO" GeV. The mSUGRA parameters 
have been taken as in the SPSS benchmark point and neutrino oscillation data 
have been fitted with the fit, assuming degenerate right-handed neutrinos, 
Mm = Ms. 
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Fig. 8.9: Positron polarization asymmetry A{fi'^ — >■ e+7) as a function of the seesaw scale, 
defined as the mass of the lightest right-handed neutrino, for the parameter choice 
Vbl = W^'^ GeV and vr G [10^'^, 10^*^] GeV. Lighter colors mean higher values 
of Vr. The mSUGRA parameters have been taken as in the SPSS benchmark 
point and neutrino oscillation data have been fitted with the Y^, fit, assuming 
degenerate right-handed neutrinos, Mui = Ms. 
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Fig. 8.10: Positron polarization asymmetry .4(/i^ — >■ e+7) as a function of tlie ratio 
vbl/vr. The seesaw scale Ms has been fixed to 10^'^ GeV, whereas vbl and 
VR take values in the ranges vbl G [lO", 10^^] GeV and vr e [10^^ 10^*^] GeV. 
Lighter colors indicate larger vbl- The mSUGRA parameters have been taken 
as in the SPSS benchmark point and neutrino oscillation data have been fitted 
with the Yi, fit, assuming degenerate right-handed neutrinos, MRi — Ms- 

Below the SU{2)ii breaking scale parity is broken and left and right slepton 
soft masses evolve differently. The approximate solutions to the RGEs in equations 
(I8.27P and (|8.28p show that, if neutrino data is fitted according to the Y^ fit, the left- 
handed ones keep running from the SU {2)ji breaking scale to the U{1) b-l scale. In 
this case one expects larger flavor violating effects in the left-handed slepton sector 
and a correlation with the ratio vbl/vr, which measures the difference between the 
breaking scales. This correlation, only present in the Y^, fit, is shown in figure [STUI 
On the one hand, one finds that as vbl and Vft. become very different, vbl/vr ^ 
1, the positron asymmetry approaches ^ = -1-1. On the other hand, when the 
two breaking scales are close, vbl/vr ^ 1, this effect disappears and the positron 
polarization asymmetry approaches ^ = 0. Note that the fit does not usually 
produce a negative value for A since the LFV terms in the right slepton sector never 
run more than the corresponding terms in the left-handed sector. The only possible 
exception to this general rule is, as discussed above, in the limit of very small mg 
and Vbl/vr ^ 1. 

The determination of the ratio vbl/vr, from figure IF. 101 is shown to be very 
inaccurate. This is due to the fact that other parameters, most importantly itigut 
(which itself has an important dependence on the values oi vbl and vr), have a 
strong impact on the results. Therefore, although it would be possible to constrain 
the high energy structure of the theory, a precise determination of the ratio vbl/vr 
will require additional input. Figure IS. Ill on the other hand, shows that the po- 
larization asymmetry A{fi~^ — )■ e~^j) is much better correlated with the quantity 
log(u_R/mGc/r)/ log(wBL/TOGC/r)- This is as expected from equations (|8.27p and 
(|8.28p and confirms the validity of this approximation. 

We close our discussion on the positron polarization asymmetry with some com- 
ments on the / fit. Since this type of fit leads to Am| ~ Am^o ~ in the vbl — vr 
energy region, there is little dependence on these symmetry breaking scales. This 
is illustrated in figure 18.121 where the asymmetry A is plotted as a function of vr 
for three different mSUGRA benchmark points: SPSla' (blue line), SPSS (green 
line) and SPSS (red line). One clearly sees that the dependence on vr is quite weak 
compared to the Y^ fit. In fact, the variations in this figure are mostly due to the 
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Fig. 8.11: Positron polarization asymmetry A{fJ,'^ — >■ e^j) as a function of 
log{vijJmGUT) / iog{vBL /mGur). The parameters have been chosen as in figure 
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Fig. 8.12: Positron polarization asymmetry A{fi'^ — >■ 6^7) as a function of vr for three 
different mSUGRA benchmark points: SPSla' (blue line), SPSS (green line) and 
SPSS (red line) . In this figure a fixed value vbl = 10^* GeV is taken. Neutrino 
oscillation data have been fitted with the / fit. 
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Fig. 8.13: Br{fi — >• Xi^) and Br{fi — >• XiA*) as a function of the seesaw scale, defined as the 
mass of the hghtest right-handed neutrino, for the parameter choice vbl = 10^^ 
GeV and vr — 5 ■ 10^^ GeV. The dashed hnes correspond to ri ~ tr and the 
soUd ones to T2 — tl- To the left, the mSUGRA parameters have been taken as 
in the SPSla' benchmark point, whereas to the right as in the SPSS benchmark 
point. In both figures neutrino oscillation data have been fitted according to 
the / fit, with non-degenerate right-handed neutrinos. The blue shaded regions 
are excluded by /i — >• 67. 



changes in the low energy supersymmetric spectrum due to different vr values. In 
the case of the /-fit one then typically finds A € [0.0 — 0.3]. 

8.3.4 LFV at LHC/ILC 

Lepton flavor violation might shovif up at collider experiments as well. Although the 
following discussion is focused on the LHC discovery potential for LFV signatures, 
let us emphasize that a future linear collider will be able to determine the relevant 
observables with much higher precision. 

Figure [5. 1 31 shows Br{fi — > Xi and Briji Xi A*) as a function of the seesaw 
scale. The dashed lines correspond to ri ~ th and the solid ones to T2 ~ r^. As 
in the case of /i — ^ 67, see figure [8761 lower seesaw scales imply less flavor violating 
effects due to smaller Yukawa couplings. Moreover, figure 18.131 presents the same 
results for two different benchmark points, SPSla' and SPS3. As already shown 
in figure 18. 6[ /i — > 67 is strongly dependent on the SUSY spectrum. For lighter 
supersymmetric particles, as in the benchmark point SPSla', — >■ 67 is large, 
setting strong limits on the seesaw scale and thus on the possibility to observe 
LFV at colliders. In the case of heavier spectrums, as in SPS3, /.t — > 67 is still 
the most stringent constraint, but larger values of the seesaw scale and thus LFV 
violating branching ratios become allowed. Whether decays such as Br{Ti — Xi ^) 
and Briji — > ^) arc observable at the LHC or not, thus depends very sensitively 
on the unknown mo, M1/2 and A/5. 

Furthermore, the right panel of figure [8T3] also shows that right staus can also 
have LFV decays with sizeable rates. Of course, as emphasized already above, this 
is the main novelty of the LR model compared to pure seesaw models. This is direct 
consequence of parity restoration at high energies. 

Moreover, as in our analysis of the positron polarization asymmetry, one expects 
to find that if the difference between and vbl is increased, the difference between 
the LFV entries in the L and R sectors gets increased as well. This property of the 

fit is shown in figure 18.141 which shows branching ratios for the LFV decays of 
the staus as a function of vbl for vr e [10^'^, 5 • 10^^] GeV. As the figure shows. 
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Fig. 8.14: Br{TL Xi fJ-) and Br{fR -5> x? m) as a function of vbl for Ms = 10^^ GeV 
and vr € [10^^, 5 • lO'^^] GeV. Red dots correspond to ri ~ r_R, whereas the blue 
ones correspond to T2 — tl- The mSUGRA parameters have been taken as in 
the SPSS benchmark point and neutrino oscillation data have been fitted with 
the fit, assuming degenerate right-handed neutrinos, Mm = Ms- 

the theoretical expectation is confirmed numerically: the difference between i?r(-7x) 
and Br{fn) strongly depends on the difference between vr and vbl- 

The question arises whether one can determine the ratio vbl/vr by measuring 
both Br{fL) and Br{fu) at colliders. Figure 15.151 attempts to answer this. Here 
the ratio Br{fii — > Xi e)/Br{fL — > Xi e) is plotted as a function of vbl/vr- A 
measurement of both branching ratios would allow to constrain the ratio vbl/vr 
and increase our knowledge on the high energy regimes. For the sake of brevity 
we do not present here the analogous plots for other LFV slepton decays and/or 
other lepton final states, since they show very similar correlations with vbl/vr. For 
example, in principle, one could also use the ratio Br{flji — > xi T)/Br{p,L — >■ Xi ''") 
to determine the ratio between the two high scales. 

However, as observed also in the polarization asymmetry for — >■ 67 there is an 
important dependence on other parameters of the model, especially the exact value 
of mcuT- This implies a theoretical uncertainty in the determination of vbl/vr.- 
Again, as for A, a much better correlation with log{vR/mGUT) / ^ogivBL/mGUT) is 
found, see figure [HUSl 

In conclusion, to the determine vb l and vr, individually more theoretical input 
is needed, such as the GUT scale thresholds, which are needed to fix the value 
of niGUT- Recall, that we did not specify the exact values of these thresholds 
in our numerical calculation. This leads to a "floating" value of mQUT when vr 
and Vbl are varied. Also more experimental data is needed to make more definite 
predictions. Especially SUSY mass spectrum measurements, which may or may not 
be very precise at the LHC, depending on the SUSY point realized in nature, will 
be of great importance. Recall that, if in reach of a linear collider, slepton mass 
and branching ratio measurements can be highly precise. 

So far only slepton decays have been discussed. This served to illustrate the 
most interesting signatures of the model, namely, lepton fiavor violation in the 
right slepton sector. However, LHC searches for lepton flavor violation usually 
concentrate on the decay chain |399[ 14001 1401] 



This well known signature has been widely studied due to the accurate information 
it can provide about the particle spectrum [iO^ HPgl liPil HOSl [505] . Note that in 
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Fig. 8.15: Br{fR — >■ Xi tA/Br{fL — >■ Xi A*) ^ function of vbl/vr- The seesaw scale 
Ms has been fixed to 10^'^ GeV, whereas vbl and vr take values in the ranges 
VBL G [10^*, 10^^] GeV and vr € [10^^ 10^*^] GeV. Lighter colors indicate larger 
Vbl- The rest of the parameters have been chosen as in figure [8TT41 



_ 0.30 

O 

'X 

T 0.25 
0.20 
^ 0.15 



0.10 




0.4 0.6 

log(vji/mGc/r) 



1.0 



Fig. 



log{vBL/maUT) 

.16: Br{fR — )> x\e)/Br{TL -> Xi^) as a function of log(wfl/mG(7T)/ log(uBL/mG(7T). 
The parameters have been chosen as in figure l8T5l 
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this decay one assumes usually that the X2 themselves stem from the decay chain 
(jL — >■ qX2- If the mass ordering m^a > mj > m^o is realized, the dilepton invariant 
mass [4041 1304] . defined as irP'{l^l^) = {pi+ + Pi-Y , has an edge structure with a 
prominent kinematical cndpoint at 

- < = " 'j,. ' ^ - (8-36) 

TO- 

where the masses of the charged leptons have been neglected. The position of this 
edge can be measured with impressively high precision at the LHC [4021 14031 1404) , 
implying also an accurate determination of the intermediate slepton masses. 

In fact, if two different sleptons Z1.2 have sufficiently high event rates for X2 ~^ 
liJj ^ X"il^^j and their masses allow these chains to be on-shell, two different 
dilepton edge distributions are expected |406l I364j . This presents a powerful tool to 
measure slepton mass splittings, which in turn allows to discriminate between the 
standard mSUGRA expectation, with usually negligible mass splittings for the first 
two generations, and extended models with additional sources of flavor violation. 

The relation between the slepton mass splitting and the variation in the position 
of the kinematical is edge is found to be j364) 



Amu Am,- ^h^^ ~ 



mil rnj (m? - to|o)(to? - to; 



Here Amii{i,j) = to;.;. — mi^i^ is the difference between two edge positions, Amj = 
mj, — mj the difference between slepton masses and fhu and fhf average values 

of the corresponding quantities. Note that higher order contributions of have 

been neglected in equation (|8.37|) . 

A number of studies about the dilepton mass distribution have been performed 
j4021 14031 1404] , concluding that the position of the edges can be measured at the 
LHC with an accuracy up to 10"'^. Moreover, as shown in reference |364j . this can 
be generally translated into a similar precision for the relative e — fl mass splitting, 
with some regions of parameter space where values as small as 10~^ might be 
measurable. Since this mass splitting is usually negligible in a pure mSUGRA 
scenario, it is regarded as an interesting signature of either lepton flavor violation 
or non-universality in the soft terms. Furthermore, in the context of this paper, it 
is important to emphasize that pure seesaw models can have this signature only in 



the left slepton sector |365| . 

Figure 18.171 shows our results for the observables Aniii and as a func- 

o ' ' mil nil 

tion of the seesaw scale. Large values for Afg lead to sizeable deviations from the 
mSUGRA expectation, with a distinctive multi-edge structure in the dilepton mass 
distribution. Moreover, this effect is found in both left- and right- mediated decays. 
Observing this affect would clearly point towards a non-minimal seesaw model, such 
as the LR model we discuss. 

As expected, these observables are correlated with other LFV signals [4071 1365) . 

Figure 18.181 shows i?r(/i 67) as a function of ^ ^ (mass distribution with 

intermediate L sleptons) and ^ (mass distribution with intermediate R slep- 

tons). Again, the main novelty with respect to the usual seesaw implementations 
is the correlation in the right sector, not present in the minimal case |365j . 

Furthermore, the process X2 ~^ Xi^t^J might provide additional LFV signatures 
if the rate for decays with li ^ Ij is sufficiently high. Reference |408| has investi- 
gated this possibility in great detail, performing a complete simulation of the CMS 
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Fig. 8.17: (left-hand side) and (right-hand side) as a function of the seesaw 

scale, defined as the mass of the lightest right-handed neutrino, for the parame- 
ter choice vbl = 10^^ GeV and vr G [10^^, lO^''] GeV. Blue dots correspond to 
the mass distribution generated by intermediate left sleptons whereas red dots 
correspond to the mass distribution generated by the right ones. The mSUGRA 
parameters have been taken as in the SPSS benchmark point and neutrino oscil- 
lation data have been fitted according to the fit, with degenerate right-handed 
neutrinos. 
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The parameters are chosen as in figure ISTTl 



10"' 10"^ 
V '"/I J fl 

(left-hand side) and (^^) (right-hand 



8. Lepton Flavor Violation in SUSY Left-Right models 



136 



10" F 




10'" , , 10'3 

Ms [GeV] 



Fig. 8.19: Kef_i as a function of the lightest right-handed neutrino mass, for the parameter 
choice vbl = 10^^ GeV and vr — 5 ■ 10^^ GeV. The blue curve corresponds to 
contributions from intermediate L sleptons, whereas the red one corresponds to 
intermediate R sleptons. The mSUGRA parameters have been taken as in the 
SPSS benchmark point, which satisfies m(x2) > rn{li) > m(xi), and thus the 
intermediate L and R sleptons can be produced on-shell. Neutrino oscillation 
data have been fitted according to the / fit, with non-degenerate right-handed 
neutrinos. The blue shaded region is excluded by — >■ cy. 



detector m the LHC for the decay X2 ~^ Xi^M- The resuh is given in terms of the 
quantity 



.38) 



which parametrizes the amount of flavor violation in X2 decays. The study, focused 
on the CMS test point LMl (mo = 60 GeV, M1/2 = 250 GeV, Aq = GeV, 
tan/3 = 10, sign{ii) = +) |405| . concludes that LFV can be discovered at the LHC 
at 5(7 level with an integrated luminosity of lOfb^^ if K^^ > = 0.04. 

Figure 18.191 shows our computation of i^Te^ as a function of the lightest right- 
handed neutrino mass, for the parameter choice vbl = 10^^ GeV and vr = 5 ■ 10^^ 
GeV. The results are shown splitting the contributions from intermediate left (blue) 
and right (red) sleptons. Although the selected mSUGRA parameters belong to 
the SPSS point, and not to LMl as in reference |408) . a similar sensitivity for 
if™*" is expectecifl. This is because the reduction in the cross-section due to the 
slightly heavier supersymmctric spectrum is possibly partially compensated by the 
corresponding reduction in the SM background and thus a limiting value ™" of a 
similar order is expected. Moreover, |408j uses 10 fb^^ and with larger integrated 
luminosities even smaller K'^J^^'^ should become accessible at the LHC. 

The main result in figure 18.191 is that for large Ms values the rates for LFV 
X2 decays are measurable for both left and right intermediate sleptons. In fact, 
for Ms ^ 10^^ GeV the parameter ifg^ is above its minimum value for the Scr 
discovery of X2 ~^ Xi^M- See references |408[ 1409] for more details on the LHC 
discovery potential in the search for LFV in this channel. 



^ Moreover, the LMl point, being very similar to SPSla', is strongly constrained by 



■ 67. 
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8.4 Summary 

This chapter presents a supersymmetric left-right symmetric model. The motivation 
for studying this setup is twofold. First, LR models are theoretically attractive, since 
they contain all the necessary ingredients to generate a seesaw mechanism, instead 
of adding it by hand as is so often done. And, second, in a setup where the SUSY 
LR is supplemented by flavor blind supersymmetry breaking boundary conditions, 
different from all pure seesaw setups, lepton flavor violation occurs in both, the left 
and the right slepton sectors. 

We have calculated possible low-energy signals of this SUSY LR model, using 
full 2-loop RGEs for all parameters. We have found that low-energy lepton flavor 
violating decays, such as ^ — > 67 are (a) expected to be larger than for the corres- 
ponding mSUGRA points in parameter space of seesaw type-I models and (b) the 
polarization asymmetry A of the outgoing positron is found to differ significantly 
from the pure seesaw prediction of ^ = -1-1 in large regions of parameter space. We 
have also discussed possible collider signatures of the SUSY LR model for LHC and 
a possible ILC. Mass splittings between smuons and selectrons and LFV violating 
slepton decays should occur in both the left and the right slepton sector, again 
different from the pure seesaw expectations. 

SUSY LR model is a good example of a "beyond" minimal, pure seesaw and 
offers many interesting novelties. For example, the impact of the intermediate scales 
on dark matter relic density and on certain mass combinations and the influence 
of the right-handed neutrino spectrum on low energy observables, are topics that 
certainly deserve further studies. 



9. SUMMARY 



The subject of this thesis is the phenomenology of neutrino mass models in super- 
symmetry. Both analytical and numerical tools have been employed in the research 
this thesis is based on, the results of which have been described in the previous 
chapters. In the following lines the main conclusions will be summarized and a 
global picture of the thesis will be presented. 

Two different approaches to neutrino masses have been studied in this thesis: 
(1) R-parity violating models with broken lepton number, and (2) supersymmetric 
left-right models that conserve R-parity at low energies. In both cases a detailed 
study of the phenomenology has been performed, obtaining numerical predictions 
for present and future experiments. 

More emphasis has been put on the falsifiability of the models rather than on 
their verification. In fact, it is impossible to verify a model. In this sense, Popper's 
idea of science has been applied all along this thesis, looking for clear experimental 
signatures which, if not observed, disprove the models under investigation. 

In the first part of the thesis the phenomenology of two R-parity violating models 
has been investigated. In this setup neutrinos get masses due to their mixing with 
the higgsinos in what can be regarded as an electroweak version of the seesaw 
mechanism. The cleanest prediction in this type of models is the sharp correlation 
that is found between LSP decays and neutrino physics. This can be used to rule 
out the model at colliders if a clear deviation is found from the predicted ratios. 

When R-parity is broken spontaneously a Goldstone boson appears in the spec- 
trum, the so-called majoron. This leads to many novel signatures, some of which 
have been studied in this thesis. We found that invisible LSP decays might be 
dominant if the scale of lepton number breaking is low. This would require large 
statistics to distinguish s-fi,p from the MSSM with conserved R-parity. However, 
if low energy experiments are taken into account new perspectives open up. The 
search for exotic muon decays involving majorons in the final state is of great help 
to solve the potential confusion, since the branching ratios for these processes are 
enhanced in the same region of parameter space where the LSP decays mainly to 
invisible channels. 

If, on the other hand, R-parity is broken explicitly, no majoron is generated 
in the model. This is the case of the /zi^SSM which, nevertheless, has a very rich 
phenomenology at colliders. It combines the clear correlations found in bilinear R- 
parity breaking models with the interesting possibility, also present in the NMSSM, 
of a light singlet. The phenomenology of the /ii^SSM with one or two generations 
of singlet superfields is described in this thesis, together with the characterization 
of neutrino masses in both cases. 

The second part of this thesis is devoted to the study of a non-minimal super- 
symmetric left-right model that leads to R-parity conservation at low energies. In 
this case neutrino masses are generated with a type-I seesaw mechanism. 

The model is described in detail and its RGEs are computed at 2-loop level 
including threshold corrections at the intermediate scales. This is numerically im- 
plemented with the help of tools like Sarah and SPheno, which have been used 
extensively in this thesis. The resulting code is able to calculate the soft masses of 
the sleptons at the SUSY scale and, as usual, the inclusion of the seesaw mechanism 
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leads to the appearanee of off-diagonal entries in these matrices. As a consequence 
of this, lepton flavor violating signatures at the SUSY scale are obtained. 

However, in addition to the known phenomenology in the left slepton sector, we 
have found signatures in the right one, which clearly points to a non-minimal seesaw 
implementation. Observables like right slepton LFV decays and mass splittings or 
positron polarization asymmetry in /i+ — > e+7 different from A = +1 would be 
clear hints towards an underlying left-right symmetry. 

Moreover, measurements of ratios like Br{ff{ j^^) / BrijL — )■ XiM) constrain 
the high energy structure of the model, since they are correlated with the ratio 
vbl/vr. However, a precise knowledge of the particle spectrum is needed if one 
wants to set strong and reliable bounds. 

Finally, other observables are slightly changed with respect to minimal seesaw 
models. This is the case of ^ — > 67, whose branching ratio gets increased due to 
the new right-handed slepton contributions. 

As a general conclusion from this thesis, neutrino masses make us think that a 
rich phenomenology will be found at the LHC and other experiments in progress. 
Only through the careful examination of the new data we will be able to disentangle 
the different signals and find out which of our models, if any, is the right description 
of nature. 



APPENDIX 



A. S-i^„ : APPROXIMATED COUPLINGS 



With broken R-parity the hghtest supersymmetric particle decays. Here we hst the 
most important couphngs of the hghtest neutrahno in s-J^p using the seesaw approx- 
imation. In the numerical calculations discussed in the thesis, all mass matrices are 
exactly diagonalized in order to obtain the exact couplings. For the understand- 
ing of the main qualitative features of the LSP decays, however, the approximated 
couplings listed below are very helpful. 
We define the "rotated" quantities: 

= [U^^j^^^Xk, Vrj = {U^)'^^ykj. (A.l) 

Here (U^)^ is the matrix which diagonalizcs either the part of the (3, 3) effective 
neutrino mass matrix, proportional to a or c, depending on which gives the larger 
eigenvalue. 

Xi — — If couplings are found from the general expressions for the — 
— vertices 

^ = x;r{OTi'':PL + osr^i^)x°w^^~ + tnoT^^PL + o-^;^Pr)xJW+ (a.2) 



fc=l 



y/2 Det+ V 2/iDet_| 

2 Uet+ /i 

, g(2/x^ + g'^VuVd)Ni2 + g^vuif^ + M2)Ni4 ^ . 
+ 2^lDet+ 

Det-|_ is the determinant of the MSSM chargino mass matrix and N is the matrix 
which diagonalizes the MSSM ncutralino mass matrix. Here, 

o2?r = (o2;t)*, (a.4) 

Ril ~ y^Ril ] ■ 

The Lagrangian for Xi ~ Xj ~ ^ 

^ = \xh^ipri^PL + OZ^Pn)x^^Z^ (A.5) 

gives for xi — i^i — Z 

Ola - -:^-^[C^lNll+^^2Nl2+2UNu+i^5Nl5+i^6me+i^7Nl7], 

Oll^ = -{Orn*- (A.6) 

The most important difference to the explicit R-parity violating models comes from 
%o pO 



the coupling Xi ~ ~ Pk 



^ = \xKOZfPL + OI^Pr)x^pI (A.7) 
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with 

olZ = R'j^o'zi, (A.8) 

Because the spontaneous breaking of lepton number produces a massless pseudo- 
scalar, eq. (|A.7I) leads to a coupling Xj* — J — i/^, i.e a new invisible decay channel 
for the lightest neutralino. In the limit Vi <^ vr, vs one can find the approximated 
majoron profile in equation (j5.30|) and easily obtain simplified expressions for its 
couplings. 

The "unrotated" couplings O^""^ are 

O'-Io = -'^{U.)j9'Nn~9N,,), (A.9) 

Oi/i^c = -i^Nu + ^h{i,,N„+i,rN,e). 

In the limit vr,vs — > oo one can derive a very simple approximation formula for 
Ox<>UkJ- It s given byQ 

|OxV.jl ^ -^^14 + ^ia'Nn - 9^2) + h.O. (A.IO) 

Here, h.O. stands for higher order terms. Eq. (jA.10|) serves to show that for 
constant q and Vi, O^Oy^j a,s vr goes to infinity. This is as expected, since for 
vr oo the spontaneous model approaches the explicit bilinear model. Note, that 
only the presence of the field P'^ is essential for the coupling Eq. (|A.10p . If is 
absent; replace V ^ vr. 

In addition to the Majoron in considerable parts of the parameter space one 
also finds a rather light singlet scalar, called the "scalar partner" of the Majoron in 
[298j . Sj. From the Lagrangian 

C = IxUOIZ'Pl + O^JPr)x^SI (A.ll) 
one finds the coupling Xi ~ Sj — Vi as 

Ol7is, = RhkO'LTil (A.12) 

Onns ( r^nns \* 

RilSj ~ \yLilSj) ■ 

Different from the Majoron, however, there is no simple analytical approximation 
for Rs, . We write symbolically 

R-Sjk = {RSjHa , RSjH^ , RsjLl ' RSj4>i RsjS^ RSjO"), (A. 13) 



^ We correct here a misprint in 
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and define unrotated couplings by 

Oizm, = I M^2 - <?'6i)iVi3 + (.9iVi2 - g'Nn)i^3 - V2ho{CaNu + i^4Nn)] , 

VR 

= - — A^14 + ^/i(e.6iVi7+|,7A^16). (A.14) 

VR V2 

As eqs. (jA.14p shows, Xi Sj + vi has a partial decay width similar in size to the 
decay — > J+ Vi-, as soon as kinematically allowed. Since, on the other hand, S,j 
decays practically always with a branching ratio close to 100 % into two Majorons, 
x5 ^ Sj + Vi gives in general a sizeable contribution to the invisible width of the 
neutralino. 

Finally, we give also the coupling 'X^ ^ J ^ X^j, for the case of two heavy neu- 
tralinos. Here, 

OZIj = h(A^j7iV»5 + N.jNj^) - VR{N,jN,e + N„N,^)\ . (A.15) 



Let us compare the constraining power of /i — > e J and fi — > e J7 in order to know 
which one is better suited for putting bounds in the s-fi,p parameter space. 

Background 

Both processes have standard model background. Since the majoron escapes detec- 
tion it is seen experimentahy as missing energy, what makes /i — >■ e J indistinguish- 
able from the usual fi — >■ evD, and /i — ^ eJj indistinguishable from the radiative 
decay /i — ?> evv^. According to the PDG [44], these are the branching ratios for 
these decays: 



Br{^i evv) ~ 100% 
Br{fi eiyp-f) = (1.4 ±0.4)% (B.l) 

In addition, fi — )- e J7 has also a very important accidental background due to 
photons produced in other processes inside the detector. If they happen to be in 
coincidence with an electron produced in /x — ^ evD^ there is no way to distinguish 
the event from the prompt decay fj, — >■ evP^. This will be discussed below. 

Bounds on branching ratios 

The first step to find bounds for the parameters is to put a bound on the corres- 
ponding branching ratio. 

Let N be the effective number of muons which are used in the experiment 
(the total number minus the muons which are lost due to non-perfect detector 
acceptance). Then, for a given process, we can split the possible final states as 

N^Us+rib + no (B.2) 

where Us is the number of events of the signal we are interested on, is the 
number of events of its background, and rio is the number of events involving other 
final states. 

In order to claim detection of a given signal we have to find an excess over the 
background larger than the background uncertainty. This means 

Us > -y/nh Detection (B.3) 

Therefore, if the process is not observed, the bound on the branching ratio is 
given by 

Br(signal) < Br {signal) bound (B.4) 

where 



Br{signal)bound = (B.5) 
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After this brief introduction, let us estimate expressions for the bounds that 
/i — !■ e J and fi — > e J7 would have if they are not observed. 

For the case oi ji ^ eJ the background has a branching ratio close to 1, and 
therefore ~ N . This implies 

Br{ii eJ)bound ^ -j= (B.6) 
V N 



For the case of /i — > e J7 we need to know the number of events of — >■ evvj, 
what is related to its branching ratio 

Br{fi ei^Dj) = — /' (B.7) 
Stt 

where /' is a four-body phase space integral. Then, since n = Br x N , we get 



Bri^i ^ eJj)kound = ^ 1.7 • 10"^ - (B.8) 

The integral /' is found to be typically smaller than one, and then the bound 
on this branching ratio is potentially better. However, since the calculation of 
parameter bounds using fi — )■ eJj also implies small factors, namely another a 
factor and the three-body phase space integral of the process, it is not clear a priori 
whether we can get better bounds, with respect to — > eJ, or not. This is what 
we want to answer in the following. 



Background supression 

In order to supress as much background as possible we can use kinematical relations 
involving E^, and cos^e-y to distinguish between /i — > eJ^ and /i — ^ evv^. 

Let us note that in a three-body decay the angle between the directions of two 
particles can be determined using their energies. This is the case for ^ — >■ e J7, that 
allows to find a relation 



e,^^f{E,,E^) (B.9) 

In contrast, for a four-body decay, like /i -> evvj, O^-y can be taken as another 
free parameter. Therefore, the relative directions of the additional two particles 
provide a higher-dimensional phase space. For our calculation this implies that /' 
has to be calculated integrating over the possible values of Ee , E^ and cos 9^^ , while 
for fi — > ejj we will get an integral, /, over E^, and E^ only. 

Moreover, for experimental purposes this means that the prompt decay fi — > 
evvj can have electron-photon pairs with directions forbidden by the relation (jB.9p . 
This can be used to suppress the background, eliminating events which are clearly 
outside the allowed phase space for ^ — >■ eJj. 

In practice one can measure the quantities E,, and E^ , with their corresponding 
errors, and calculate the hypothetical 9e-y that would be predicted with (|B.9() . also 
with its corresponding error. The problem is that the errors in the energies of the 
electron and the photon (order % for the MEG experiment [293) ) are too large to 
predict an accurate value for 0e^, giving only an allowed range and implying that 
many fi — >■ evD"f events can survive this kinematical cut. 

For that reason, although the background is supressed and the integral /' has 
a clearly lower value than it would have without the cut, the result is not optimal, 
still having a lot of — > evi/^ events which cannot be distinguished from fi — >■ e J7. 
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Comparison 

There is a simple relation between the branching ratios of /i — ^ e J and fi — > e J7: 

Br{^i eJj) = —IBrifi ej) (B.IO) 

where / is the corresponding three-body phase space integral. 

We can use (jB.lOp to find out which process can give us the best bound. Let us 
suppose that our experiment is designed to look for photons in the final state. In 
that case wc can get a bound on Br(fi — e J7) as explained in the previous section, 
and use it to obtain an indirect bound on _B?'(/i — > eJ) thanks to equation (jB.IO[) . 

2tt I 

Br{fl eJ)indirectbound = 7-Sr(^ eJj)bound (B.ll) 

a 1 

and then, using the expressions (jB.6l) and (|B.7|) . we can get the ratio 



Br{fi -> eJ)bound _ Jn 

Bri^H ^ ^J^indirectbound 22L1. / ^ / i' 

a I V Siry N 



0.07^ (B.12) 



Numerically it has been found that 



^ - [0.1 - 7] (B.13) 

depending on the parameters i?™*", iJ™*" and 6*™", given by the experimental 
setup. 

Therefore 

Br{n -> eJ)bound ^ 
n ( — T\ (^-14) 

jDTi^^ ' ^'-^ ) indir ecthound 

This means that the bound coming from /i — > eJ^ will not be better than 
a possible bound coming directly from ji — eJ, since the background given by 
— >■ makes it hard to see a positive signal. This could be different if the 

measurement of the electron and photon energies was more precise. In that case 
the uncertainty in the angle Oe-y would be small enough to supress much more 
background, allowing us to get better bounds on the parameters of the model. 

It is also important to remember that the MEG experiment focuses on electrons 
and photons in the last energy bin (both particles with energies close to 771^/2), 
since they are interested in the detection of /x — ^ 67. The reduction of the accidental 
background, see below, demands this restriction as well. That way, by taking very 
small energy windows, the supression of the background /i — > evD^ is extremely 
good, and in practice they work in the regime in which there are no background 
events from the radiative decay. If we stay in the same phase space region we also 
have no background, but the integral / decreases strongly. Both things compensate, 
giving again the same final result for the possible bounds. 

Accidental background 

Finally, let us mention that the process — > 67 is also plagued with an important 
background coming from photons produced in other processes that happen to be 
accidentally in coincidence with electrons. In fact, this is the strongest limitation 
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in experiments like MEG, which require to focus on very small deviations from 
coincidence in order to claim detection. 

In principle, one could reduce the accidental background by applying a cut on 
the relative time Ate-y, the difference between the detection times of photon and 
electron. However, this is restricted by current technology to be around 100 ps 
|293j . Further developments might provide a better time resolution, what would 
imply a better reduction of the background from accidental photons. 

In conclusion, one has to add the limitation coming from accidental background 
to the previous discussion. As a consequence, it is not possible to enlarge the 
measurement window, due to the strong rise of accidental photons. 



C. fiuSSM: TADPOLE EQUATIONS 



The tree-level tadpole equations of the /ii^SSM can be written as 

^ = ^{g'^ +g'^Wvd + 'mjjVd + l-VdXsyt^RsVRt + T;'"dvl>^sK 

uvd o Z Z 

-^'^RsVu{HsX*s + h.C.) - ^Vi{X*Y^\lRsVB^t + h.c.) 

-\^KKyu' + h.c.) - -l^VuVRsin + h.c.) = (C.l) 

= ^^(.9^ + g'^)u'^Vu + mH^Vu + ^V.uXsX*tVBsVRt + ^Vd'^uXsXl 

-l^lM^^sXl + h.c.) + ^v^vIJkIYI' + h.c.) 
-^VdVMiXlY:' + h.c.) + ^VuV.VjYl'iYjy 
+ ^VuY^'' {Y^*)*VB.sVRt - -^^VdVRsiT^ + h.c.) 



dV 

dv,. 



+ ^v,VRsin'' + h.c.)^0 (C.2) 

+ g'^)uhH + \{ml^^ + mlji)v, - ]vdvl{XlY:;' + h.c.) 
+ \vlsVu{<Y^'' + h.c.) - ^Vd{XlvRsVRtY^' + h.c.) 
+ \v,{vR,VR,tY:\Y^'r + h.c.) + \vlv,{Y^^{Yn* + h.c.) 
+ ^VuVRs{Tl'' + h.c.) = (C.3) 

dV 2 1 / X* ^ ^ 1 * 3 

= mj^-ss^Rs - ^VdVuVRs(KsXg + h.c.) + -KsK^Vrs 

+ ^v.,vrsVj{kIYJ' + h.c.) + ^{vl + vj){X,X*tVRt + h.c.) 

+ lvl[YriY^rVB^t + h.c] + \vrrMiYrrY:^'vRt + h.c] 

-^VdVjiXlYJ'vRt + XlvRtYJ' + h.c.) - ^VdVu{T^ + h.c.) 

+ ^VuV,iTl^ + h.c.) + -^VRtVR^T^'^^ + h.c.) = (C.4) 



with 



- Vd-vl+vl+vl + v', (C.5) 
and there is no sum over the index s in equation (jC.4[) . 



D. /iz/SSM: MASS MATRICES 



In the scalar mass matrices shown below the tadpole equations have not yet been 
used to reduce the number of free parameters. 



Charged Scalars 



In the basis 



(5"')^ = {Ha ,{H^)*,eL,fj.L,fL,e*ii,il*ji,T^) (D.l) 

the scalar potential includes the term 

Vd{S-YmI±S+' , (D.2) 

where is the (8 x 8) mass matrix of the charged scalars. In the ^ = gauge it 
can be written as 



HI II 



,2, _ ( A'/Aff (Mir 



The (2 X 2) A/^^ matrix is given by: 



[MU)^^ = ,^l^^+^-[ig^ + g'^).l + ig^-g'^)ivl+vl+vl + vl)] 

+ \kK^rsVr, + \vR,vmYi'{Y:,')* (D.4) 

The (6 X 2) matrix that mixes the charged Higgs bosons with the charged sleptons 
is 

with: 
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= -/^uv, - \<ylsY:' + \vuVdKY:' - ]^uv,Yi;{YrT 

{Mfrn),, = -lXsVRsV,{Yir~lvd{Y^rY^'vRs (D.6) 
Finally, the (6x6) mass matrix of the charged sleptons can be written as 

Mfj-Clih tih] (D.7) 

with: 



mIr 



M'rl 



+ IvI{Y,Y:)^^ + IvR^VRtY^^Yjr 



M 



2 ^t 
lr) 



+\^l{YiY:)^^ + \v^v„,{Y^rY:-= 



(D.8) 



Neutral Scalars 

In the basis 

{S'Y = Re{HlHlD^^,i?,) (D.9) 
the scalar potential includes the term 

VD{S°'fMloS°' (D.IO) 

and the ((5 + n) x (5 + n)) neutral scalar mass matrix can be written as 

/ MfjH Ml, 
Mio = {Mhf Mis M?^ I . (D.ll) 

The matrix elements are given as follows: 
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1 1 2 

{Mhh)i2 = -^{g'^ + 9'^)vdVu + KKvdVu - ^vj^^iXsKl + h.c.) 

-\vuvdXlY:^ + h.c.) - ^^Rsin + h.c.) 



+\v^vAY^:yy^ - + h.c.) (d.i2) 

[Mjjg]^^ = -'^VuVRs{XlKs + h.c.)+'^VdVRt{XsXl+h.c.) 

-^^^JTa^ + h.c.) - -^v,VRt{X*X' + X:y:^ + h.c.) 
{Mjjs)^^ = -'^VdVRs{XlKs + h.c.) + ]^VuVRt{XsXl +h.c.) 

-i^Mn + h.c.) + :^yt{Tl^ + h.c.) 

+ \vRsV,{nlY:,' + h.c.) + \vuVRt\Y:;' {¥;;')* + h.c] (D.13) 

(M^^),,^ = \{g^ + 9'^)vav., - \vI{X:y:^ + /i.e.) - \vrsVr^{X:y:' + /i.e.) 
(^k)2. = -\{g^ + g'^)vuV^ + ^vlAn:Y:,' + h.c.)-]^vM{X:Y:;' + h.c.) 

+ \vuvAYr{Yn* + /i-c-] + + /i-c.) (D.14) 

{Mls),t = \[i^Tl^-)st + {ml.)ts\ + \{\sK+h.c.){v} + vl) 
1 3 

-^VdVuiKl^s + h.C.)Sst + -KsKs'f^L'^ft 

+ + /..c.)<5.* + + h.c] 

+ \v.v,[{Y:rYJ' + h.c] - \v,v,[X:YI' + XtiY^r + h.c] 

^ ■VR,u{n'^ + h.c.) (D.15) 



2^2 

iHs)s^ ^ \vuVRs{^:Y:-^ + h.c.) - l™(A:y;* + A*y- + h.c) 

+ + Yi^iY^Y + /i.e.] (D.16) 
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+ 1(9' + g>rv, + IvliY-iY^r + h.c] 

+ ]vRsVRt[Y:'{Y^'r + h.c] (D.17) 



Pseudoscalars 



In the basis 



= (D.18) 
the scalar potential includes the term 

V D (P°')^A/2„fO' (D.19) 

and the ((5 + n) x (5 + n)) pseudoscalar mass matrix can be written as 

M'po = {Mhf A/|^ . (D.20) 

The matrix elements are given as follows: 

(M'hh),, = ^4.(A.< + h.c.) + ^vrAT^ + h.c.) 



-v\^X,X\vR,VRt + if'A.A: + \^VR,VRtYl'{Jl')* 

^\v^V,{nyV/ - \v^^^{>^*X.' + h.c:) (D.21) 



^ .VuiTi + h.c) 



2V2 

^VdVRs{X*Ks + h.c.) + - 

1 , . 1 



(a4s)2, = -7«d«i?s(A:K. + /i.e.) + -VRsihinlY^' + h.c.) 



Vdin + h.c.) - —^v.iTJ' + h.c.) (D.22) 



2^2 ^^^^ ' ' 2V2 



= -J«2(A%'■'+/^.c.)-i^^i^.^;i^,t(A:r;* + /l.c.) 
(^4l)2. = -\vlA<y:' + h.c.)-^VR,{Tl^^h.c.) (D.23) 
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+ ^VdVuiK'^s + h.C.)Sst + ^KsK^vji^Jst 



1 



2V2 



(D.24) 



{Hs)s^ = \vuVRs{^^:Yi,^ + h.c.) + \Y.''aVRt{KY:,^ -KY^,' +h.c.) 

+1 E^^-"«*[^-''(^-'*)* ' Y^'^i' 



h.c. 



VuiTJ^ + h.c.) 



(D.25) 



LLl ij 



+7^'K'(^^')* + ^-^A + T^'i?.^;fliK^(>;^'*)* + /i.e.; 



(D.26) 



In the basis 



Neutral Fermions 



the lagrangian of the model inchides the term 

1 



C D 



(D.27) 



(D.28) 



with the ((7 + n) x (7 + n)) mass matrix of the neutral fermions, which can be 
written as; 



N 



T 

771-0 



Mr 
T 



771 



D 



mo 
/ 



AA^o is the usual mass matrix of the neutralinos in the MSSM 



Ml 










M2 


\9Vd 




\9Vd 












2 



with 



(D.29) 



(D.30) 



x/2 



(D.31) 
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The mixing between the neutrahnos and the singlet is given by 
m^o^, is the neutrahno-neutrino mixing part 



with 



The neutrino Dirac term is 



and finally Mfi is 



^ s— 1 



(D.32) 



(D.33) 



(D.34) 



(D.35) 



In the basis 



(Mr) 



zKsVRsSs 



V2 

Charged Fermions 



the (5 X 5) mass matrix of the charged fermions is given by 



(D.36) 



(D.37) 



/ M2 



71 '^^^ 



















^n^^.. y 



(D.38) 



E. fxuSSM: SINGLET SCALAR/PSEUDOSCALAR 1-LOOP 
CONTRIBUTIONS TO THE NEUTRINO MASS MATRIX 



An estimate of the 1-loop correction to the effective neutrino mass matrix com- 
ing from the singlet scalar/pseudoscalar contribution in figure |E?11 is given in this 
appendix. 

I u'^ model 

The tree-level neutrino mass matrices can be written as 

m*J^^ = aA.Aj (E.l) 

where a and A; are defined in section I6.3.f I After diagonalizing the tree-level 
mass matrix and adding (only) the corrections due to loops with right-handed sneu- 
trinos we obtain 



l — loop 



tree^diag ^ ^^^^ 



where 

Ai2 



Y^TiikiRkfCoik) (E.2) 



327r2 

k=x 

The h-i parameters are the alignment parameters A^ rotated with the matrix Uv 
that diagonalizes the tree-level neutrino mass matrix: 

A, = (C/J).,A, = ([/.),,A, (E.3) 

Ai2 is the squared mass difference of the two right-handed sneutrino mass eigen- 
states D"^ and V"^ [5551155^11510] : 



Ai2 = m\ - m] 

= 2(fc2u|j - kXvuVd + ^TkVji) 

Rk is related to the mixing and couplings of the neutralino k 

- V2kfi{vl-v'd)Nk5] (E.4) 

where A^^ is the matrix that diagonalizes the 5x5 mass matrix of the heavy 
neutralinos. Finally, Co(fc), is a Passarino-Veltman function j262j 
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Fig. E.l: 1-loop correction to the effective neutrino mass matrix involving the singlet 
scalar /pseudoscalar. 



Co{k) = CoiO,0,0,mlm%mj) (E.5) 

In order to compare this loop correction with the tree-level value, it is interesting 
to define the ratio 

R=- (E.6) 

a 

which can be expressed in good approximation as 

R c -^^^^^ V mfe(t;rfiV,3 + UaNkA^Coik) (E.7) 
o/TT^Ueto — ' 

k=x 

where Deto is the determinant of the usual MSSM neutralino mass matrix. 
Now, using this expression, it is possible to understand the importance of this 
loop correction to the neutrino mass matrix. Since 

m~v 1 



Deto ^ ^^gaugino 

the ratio R is proportional to 

R oc cx r-^ cx fc2 E.9) 

Deto 

If we stay in the perturbative regime, the superpotential coupling k is at most 
0(1) and therefore this loop correction cannot be very large. This conclusion has 
been checked numerically. 

2 v'^ model 

In this case we have contributions from loops with and i'l: 

m\-'°°^ = (m*f + Aiv4'' + AM^'^ (E.IO) 

with 

^^^^ ^ ^ (fc) (E.ii) 

k=x 

The definitions of these parameters are similar to those shown in the previous 
section, but the expressions are different. In fact, the contributions from both right- 
handed sncutrinos take the same form, just exchanging the indices. Then, we give 
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only the formulas for the first right-handed sncutrino, omitting the index in the 
notation. 

The squared mass difference of the two right-handed sncutrino mass eigenstates 

is 

Ai2 = 2{kyji, - kiX^vM + ^T^^^VRi + Tl^^VR2) (E.12) 
The factors Rik can be written as 



R.k = + Q,e^ -t- CiK, (E.13) 



with 



+2V2Mr,{ cfim^ivj - vl) - 2V26Deto)^fc5] (E.14) 

vri 

C^, = -^C^, (E.15) 

= 8^Pp|-(jVf^) [(4aMDct(il/H) + MRlMR2m^^l) (vuNm - I'd^fcs) 
+m^{{X^fMR2 + iX')HlRi){vlNM - vlNks) 

+V2kifim^MR2{vl~vl)Nk5] (E.16) 

where fii — -^XiVRi, the coefficients a, b and c are given in section [6 . 3 . 21 and we 
have defined 



Adu = m^v'^Vd-^MiA'huVu (E.17) 
Aud = m^v'^vu - iMiM2fiVd (E.18) 

The connection between C^^ and C^, allows us to prove that the determinant 
of the 1-loop mass matrix vanishes, implying that after adding this loop correction 
there is still one zero eigenvalue. In conclusion, this loop docs not generate a new 
mass scale. 

The complicated structure of the resulting expressions does not allow to find an 
approximated formula to get a clue about the importance of the loop. Numerically 
it has been shown that for low values of vri and vr2 , below 1-5 TeV, the corrections 
to m^^ and m^g are typically of order ^ 10~^m*J^''^ , with a few points in parameter 
space where it reaches ^ 10~^m'jJ'^^!^ . For higher values of vri and vr2 the model 
approaches the explicit limit {h-fip model): the corrections for m,j^ are still small, 
but the corrections to TOi^j are very important, since the tree- level value goes to zero 
in this limit. 



F. /xz/SSM: COUPLING xl-W^- Lf 



Approximate formulas for the coupling Xi ~ 
general Xi 



If can be obtained from the 



where 



— xf interaction lagrangian 

Pl + O- 



emu i 
Lij 



'Rij 



.new I ) 
Lij 



o 



(F.l) 



Oenw 
Lil 



Oenw 
Ril 



r^new 



V2 



i,2+k 



Ml 



k=l 



( r^enw \ 

\yR]i ) 



(F.2) 



The matrix Af diagonalizes the neutral fermion mass matrix while the matrices U 
and V diagonalize the charged fermion mass matrix, see appendix [Dl 

As was already mentioned for the case of neutral fermions in section 16.31 it is 
possible to diagonalize the mass matrices in very good approximation due to the 
fact that the J^p parameters are small. Defining the matrices ^, and ^/j, that will 
be taken as expansion parameters, one gets the leading order expressions 



N 



h 



V = 



-in 



(F.3) 



where I3 is the (3 x 3) identity matrix. The expansion matrices and S,r are 



ma 



V2Det+ 



2^DetH 



2Det+ 



{2fi'+g'vl) A, 



2Dct 4 



2^1 



2/iDet+ 

{vd^J. + M2Vu) Aj 
2/xDet+ 



(F.4) 



M2iJi is the determinant of the MSSM chargino mass 



where Det+ = —^g'^VdV^ 
matrix, jj. = -^XsVus and = ^u_Rsyj^- The expressions for the matrix ^ depend 
on the number of singlet generations in the model. Particular cases can be found 
in (jOT)) and (|05)) . 

Using the previous equations and assuming that all parameters are real , one 



F. ^luSSM: Coupling x? - VF± - If 159 



gets the approximate formulas 



k=l 

2^Det+ 

Lzl — t,*^Lil ) 

= (OSiO* • (F.5) 

It is important to emphasize that ah previous formulas, and the following simplified 
versions, are tree-level results. More simplified formulas are possible if the lightest 
neutralino has a large component in one of the gauge eigenstates. These particular 
limits arc of great interest to understand the phenomenology: 

Bino-like Xi 

This limit is characterized by Nf^ = 1 and A^i„i = for 7ti 7^ 1. One gets 



Ocnw J /■ 



9_ 

. (F.6) 



For the 1 9'^-model this implies that a bino-like Xi couples to Wk proportionally 
to Ai, see equation (j6.37p . without any dependence on the e,; parameters. 

On the other hand, for the 2 P'^-model, the more complicated structure of the 
^ matrix, see equations (j6.45p and (|6.49p , implies a coupling of a bino-like Xi with 
Wli dependent on two pieces, one proportional to and one proportional to a^: 

ia = ^^^{aA. + ba.) (F.7) 

However, a simple estimate of the relative importance of these two terms is 
possible. By assuming that all masses are at the same scale msjjSY, the couplings 
K and A arc of order 0.1, and the |Jp terms and Vi are of order and rnsusyhfi 
respectively, one can show that aKi ^ 200 hai. Therefore, one gets a coupling 
which is proportional, in very good approximation, to A^, as confirmed by the exact 
numerical results shown in the main part of the paper. Similar arguments apply for 
models with more generations of right-handed neutrinos. 

In conclusion, for a bino-like neutralino the coupling is proportional 

to Ki to a good approximation. 

Higgsino-like x? 

This limit is characterized by A^^3 + N'l^ ~ 1 and Ni,n = for m 7^ 3,4. If 
the coupling O^^™ neglected due to the supression given by the charged lepton 
Yukawa couplings, one gets 



0cnw 9 



^/2 



^^|VA^^ ^^^^ 
^ ^ 2/iDet+ ' 
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Equations (|6.37l) and (|6.45|) show that the terms cancel out in the couphng (jF.Sp , 
and therefore one gets dependence only on in the 1 9'^-model, and (A^, ai) in the 
2 9'^-model. However, this cancellation is not perfect in Ofj™' ^^"^ thus one still has 
some dependence on e^. 

Singlino-like Xi 

The limit in which the right-handed neutrino is the lightest neutralino is char- 
acterized by Ni„^ = 1 for m > 5 and A^i; = for I ^ m. One gets 



- . (F.9) 

For the 1 P^-model this expression implies that a pure singlino-like couples 
to Wli proportional to A^, see equation (j6.37|) . without any dependence on the 
parameters. This proportionality to A^ is different to what is found in spontaneous 
R-parity violation, where the different structure of the corresponding ^ matrix [289] 
implies that the singlino couples to Wli proportionally to e^. 

For the n P'^-model one finds that the coupling — — If for a singlino-like 
neutralino has little dependence on A^. For example, in the 2 P'^-model one finds 
that the clement ^^5, corresponding to the right-handed neutrino is given by 

AfmAim-y 2 2^^ ( /t;. , 4petoUi?i \ 

4i5 — ■= ; - Wd)A,; - V2A2C H — j-b . (F.IO) 

4V2Det(M^^) ' " V ^^rl^lK-^'^) ) 

The coupling has two pieces, one proportional to Aj and one proportional to a,;. 
However, the Ui piece gives the dominant contribution, as can be shown using an 
estimate completely analogous to the one done for a bino-like Xi- In this case, the 
ratio between the two terms in equation (jF.10|) is arpiece ^ 8 A^-piece, sufficient 
to ensure a very good proportionality to the Ui parameters. This estimate has been 
corroborated numerically. 
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We present in the following appendices our results for the RGEs of the model above 
the U{1)b-l breaking scale. We will only show the /3-functions for the gauge 
couplings and the anomalous dimensions of all chiral superfields. We briefly discuss 
in this appendix how these results were calculated. Furthermore, we show how they 
can be used to calculate the other /3-functions of the models and give as example 
the 1-loop results for the soft SUSY breaking masses of the sleptons. The complete 
results are given online on this site 

http : //theorie . physik . uni-wuerzburg . de/~f nstaub/ supplementary . html 

In addition, the corresponding model files for SARAH are also given on this web 
page. 



Calculation of supersymmetric RGEs 
For a general = 1 supersymmetric gauge theory with superpotential 

the soft SUSY-breaking scalar terms are given by 

^soft ^ (^^'' <t>^<t^3 + \h^''''(t>rMk + c.c.^ + {m^y jM* ■ (G.2) 



The anomalous dimensions are given by j384j 

^\Y^,,Y^^''~25lg^C2{^, (G.3) 



(2)i ^ _ 1, 

2' 

+ 25lg''[C2{T)S{R) + 2C2{if - iC2{G)C2{i)] , (G.4) 



and the /3-functions for the gauge couplings are given by 

=g^[S{R)~3C2{G)] , (G.5) 

/3f ^ {-6[C2{G}]^ + 2C2{G)S{R) + AS{R)C2{R)} ~ g^Y'"'Y,jkC2{k)/d{G) . 

(G.6) 

Here, C2{i) is the quadratic Casimir for a specific superfield and G2{R),C2{G) are 
the quadratic Casimirs for the matter and adjoint representations, respectively. 
d{G) is the dimension of the adjoint representation. 

The /3-functions for the superpotential parameters can be obtained by using super- 
field technique. The obtained expressions are [4101 1411] . 

^ ypi-^^^k) , (G.7) 
^ = isP^^^^^) . (G.8) 
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The (..) in the superscripts denote symmetrization. Most of the /3- functions of the 
models can be derived from these results using the procedure given in |412j based 



on the spurion formalism |413j . In the following, we briefly summarize the basic 
ideas of this calculation for completeness. 



The exact results for the soft /3-functions are given by |412j : 

20 



5M 



/3f 



9 



where we defined 



dg 

(7i)^- = 07^-, 



d 

A = 200* + 2MM*g^ — 

dg^ 



+ c.c. 



(G.9) 
(G.IO) 

(G.ll) 
(G.12) 
. (G.13) 



Here, M is the gaugino mass and Y^^^ = {m^)\Yi^^ + (m^yiY^^^ + {m^fiY'^^K 
Eqs. (|G.9I) - (|G.10p hold in a class of renormalization schemes that includes the 
DRED'-one [414] . We take the known contributions of X from [415) : 

^DRED'(i) ^ -2g''S, (G.14) 
^DRED'(2) ^ {2rY^g\T'^C2{R)\~^g^C-2.{G)S-2^'G2(G)QMM\Q,.\h) 



where 
S 



r-Hr[m2C2(i?)] - MM*C2{G) , 

\-pq 

^8g^MM*C2{Ryi 



(G.16) 

ir,p,yJ''"(m2)J„ + iy^P«yp,„(m2)", + 2Y,p,Y^P^{m^)\ + h.pgh'P" 



(G.17) 



With Q = T{R) - 3(72(0), and T{R) = tr[C2(i?)], r being the number of group 
generators. 



From GUT scale to SU{2)jj breaking scale 
In the following sections we will use the definitions 

Yg=Y^^\ y^^^Yt (G.18) 

and in the same way Tg^ and r^"*^ . We will also assume summation of repeated 
indices. 

Anomalous Dimensions 

= '^YqJq. + 32.g| + gl^) 1 (G.19) 
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(2) 

7 - 



( - 128.93^ + 2052.92^ + 28951^ + 8652' {32gl + .g|^) + GAglgl^' 
= 24 Fq, - i- (185I + 325I + 1 (G.21) 



12 

7ji = + ( - 12853' + 20525^ + 2895|i + 365I {^2gl + .g|^) + 64g|g|^) 1 

7^ - 2(3/t/ + YlYl) - \{2gl + gj,,) 1 (G.23) 
7f ^ = 4 f 12.925Il + 7652' + 995|i^ 

II + 8.92' 



i 16 

+ 3/t/(-3|a|2-4Tr(//t) +6.9 
27 



+ >7™ ( &9lSm.n + ^Tr( aa* ) J™„ - 2Tr( ) - 6Tr( Y*^Y^ 



-GPYlJYL (G.24) 



(1) _ 



= 2 3//t + r; y^J - - 2.92+.9L 1 (G.25) 



7^,^ = ^ (i2<?2'5|l + 7652' + 995|i) 1 

+ 3//t( - 3|a|2 - 4Tr(//t) + 6.9!^ + 8.92' 
27, 



+ yI^ {6gl6,nn + -Tr(aa*)5™„ - 2Tr {y^yI^^) - 6Ty(y^^Y^^^) 
- ll//^'5,n«)>L„ - iYl^YL^Yl^Yl^ - 2/(l7/t/ + SYIyI^^P 
-QYIYlJI^ (G.26) 



(G.27) 



= 33.9I1 — 9^2(aQ!Q;*a* + a* a* aa) + 3(Q!a*aa* + a* aa* a) 
- 2A{aa* + a* a) (2,9^ + 2Tr( 



aa' I — lap 



^ (ajm^L + ajr„a««) {^^"^{YqJYq^ + Tv{y1^^yI^ 
\5,^5^n{- iglii:v{YlJYl}i - {i2gl + .9|jTr(y^^y-J 

2(5Tr(//tyi,y2^) +Tr(/y£^y2L/^) +6Tr(/i2^r£/t 

4 (2Tr (y;^ y^l >^£„ ) + Tr (yI^ Yl^ Yl^ Y, 

tAyIylyIjyi^ 



12( 2Tr( rA >Q„>^q„>^qJ + W^Yq^^ Y^ Y, 
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7^^^ = 2Tr(^/.f j - 3.g^i - 4.92^ + -\a\' (G.29) 

7^ = 48g4 + 2452^1^ + 81g4 ^ 

+ l\a\'{4gl + Tr[aa*)-l\a\') (2.9,^ + 3.gk)Tr(//t 
- 24Tr(//t//t) - 6Tr(fpYL,Yl] - 2Ti{fYlYl^p) (G.30) 



7f^ = -3gk-4g2^ + ^l«P (G.31) 
7f - J (4(l6ff2^ + 27g%L + Sgigl^) 

+ |ap(2Tr(aa*) -3Tr(//t) -7|a|2 + 8.g2)) (G.32) 

7^] = 2Tr(//t) - 3g%^ Agl + \\a\^ (G.33) 

7^ = 48,g| + 2452^1^ + 81g|^ 

+ l\a?{^gl + Tr(aa*)-l\a\') - {29I + 3gl,)Tr{f p 

- 24Trf//t//t) - 8Tr( fY[Y*p) (G.34) 



7£=-35lL-4g| + ^|ap (G.35) 
i'c=i(4(l6ff2+27ff|, + 852^3L) 

+ |a|2(2Tr(aa*) - 3Tr(//t) - Tjap +852')) (G.36) 

7^'^ = 2\af - 4.g2 (G.37) 

7jJ^ - 3Tr(a(aa* - a*a)a*^ + 48.g^ + |ap(l2.g|i - 3Tr(//t) - 6|ap + 85!) 

(G.38) 

7^'i = 2|a|2 - 452' (G.39) 

7jJ^ = 3Tr(a(aa* - a*a)a*) + 48.g| + |ap(l2,g|i - 3Tr(//t) - 6\a\' + 8.g|) 

(G.40) 



Note that the previous formulas are totahy general and can be applied with any 
number of bidoublets. Nevertheless, if two bidoublets are considered aa* = a*a 
and further simplifications are possible. 

Beta functions for soft breaking masses of sleptons 

Using the procedure explained in section [Ul we can calculate the soft breaking 
masses for the sleptons. The results are 
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Wn^f^ml = 6//tmi + 12/mi/t + 6mi//t + 12mi//t 

-(3g|jA/i|2 + 6gl\M,\^ + ^gli^i)! (G.41) 



-2YlYL,ml. + 2ml.YlYL, + ^YlmlYL, 
-4(m|)„„ri"^ V^"^ + UTjTf + 4.tITl, 

-(3g|jA/i|2 + Gglmf - ^gli^i)! (G.42) 



where 



[(»7lQ)m„ - (TOQc)m„ - (m|)„„ + (TOic)m„] (G.43) 



i3eta functions for gauge couplings 

C = 245|i (G.44) 
= |9|l ( - 192|ap - 93Tr(//t) + 2(ll5.g|i + 1625^ 



- 2Tr(y^,rQ^J - 6Tr(y;^y2:) + 89I)) (G.45) 
4'' = (G.46) 
/5^2^ = ^.92(660.92 + 144g2 + 1625|i - 192|a|2 + 108Tr(«a*) - 73Trf// 



- ^^^^[YIYL) 72Tr^y4y- j j (G.47) 
Pil^ = -Sgl (G.48) 
/3(2) = (14.932 + I8gl 8Tr(y4^FQ^^) + .9!^) (G.49) 



From SU{2)fi breaking scale to U{1)b~l breaking scale 
Anomalous Dimensions 

= " 1^ (^^■'^^ + ^^^3 + 9%l) 1 + + y:y:^ (G.50) 

7^'' = +y^(i09.9|l - 128.9^ + 36.9^3! + 6^gl{l8gl + glj) + 972gi) 1 

- 2{y:yJy^yJ + 

+ - 3Tr(y„i;t) - - _ Tr(i;y;) + .g2j) (G.51) 
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1^} = '^YlYd - ^ (32g| + 6.9?, + .g^ j 1 (G.52) 



- Yjrd(2|6e|' + 2Tr(yen^) + 3|6p - 6.gi + 6Tr(rd>;/)) (G.53) 
7iV = 2K,^y„ - ^ (325I + 6g2, + 1 (G.54) 



^ ( - + 128.g| - 12g|i5| - 64g| (6ff| + gl^) - 684^4 ) 1 

2(YlYaY}Y^ + 

yjrj2|6,|2 + 2Trfr,yj) + 3|6p - 6.gi + 6Tr(y„K,t)) (G.55) 



7f = (2gi + gl^) 1 + y;r/ + Y:yJ (G.56) 

J2) _ ^ 



' 16 



9 

T 



3, 



+ i^;i;J ( - 3Tr(y„rj) - - ^\bf Tr(r.y;) + 5?,) (G.57) 

7^.^' = 2Y^Y, - ] (2gl + Sg^A 1 (G.58) 



(2) 



7^c 



i (ll7.g|i + 12,g^^,g2^ + 76.gi) 1 - 2(y^^Y,yX^ + Y^Y,.Y,jY, 



16 



- y.^Fe (2|6cP + 2Tr(ren^) + 3|6|2 - 6,gi + 6Tr(ydr])) (G.59) 
7fe^ = 2i;ty, - i (2g|, + 3.g|i) 1 + F: (G.60) 
7^'^ = + 12.g|L.9l + 76.g^) 1 - (/.^t + fl*)F,(f^ + f/) 



- 2Yl (y,y,t + Y,Yl)Y, - 2(/it + !]:*)yJy:{!1 + /i^) 
y;y,(2( - 3.gi + 3Tr(y„y„t) + |5,|2 + Tr(y,yj)) + 3|6|- 



F;(2.gU3.gk-|aJP-Tr(/i/it) -Tr(/it/i^)) (G.61) 

- 3Tr(y,yi) - \g\ + - \gl + + Tr(yei;t) (G.62) 

S = i (^^^'^ + ^■^'^'^ + ^'^^'^ + K^^-"^' + .9lL)Tr(ydyi) + 6,g|^Tr(y,y,t^ 

+ - 18Tr(y„yj) - 15|fep - 19|6eP + 245i ~ 6Tr(y,yj)) 

- 4|6e|2(3|5,|2 + 3Tr(y„yj) + \al\^ + Tr(y,y,^)) - 36Tr(ydy]ydy/ 

- i2Tr (yrfyjy„y,t) - i2Tr(yey,tyey;) - 4Tt(y,y^y,yJ) ) (G.63) 

7g = 3Tr(y,yj) - ig^ + - |gi + |6.p + Tr(y.y;) (G.64) 



= ^(27ffi + 65iff| + 19g 
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- 18Ti{YdYj) - 15|5|2 - 19|6,|2 + 2igl - 6Tr [YeY^ 



(2) 



+ 2(32.9! + g%L)Tr{Y^Y.^) + 6.g|^Tr(i;y;) - 4Tr(/i/ityJy;' 

- 4Tr(/iy;y,/it) - i2Tr(y,y]y„yj) - 4Tr(yer;i;y;) 

- 36Tr(y„yJy„y„t) - ATr(Y,f'Jfl^Yj) - i2Tr(y,y,ty,yj) 
-4Tr(/ityJy;/iJ^)) (G.65) 

7« - -29I - 3.g|^ + la^p + Tr(/i/.^^) + Tr(/it/i^) (G.66) 
7£o = ^(725Il + 24.g|,.g| + 44.gi - 4|ajp(|a^p + 

- (2.g|, + 35k)(Tr(/i/Jt) + Tr(/it/i^) ) - 4Tr(/i/JV.VJ^^ 

- 8Tr(/i/iVc'^/i^) - 8Tr(/i/iVc'^/i*) - 4Tr(/i/ityJy;^ 
-4T^(/iyJy,/it) -4Tr(i;./it/i^yj) -4Tr(/it/i^/it/i 

- 8Tr(/it/i^/i*/i^) - 4Tr(/ityJy;/iT)) (G.67) 
l^ll^-2gl^3glL + \al\^ (G.68) 
7^'i = 125lL5^ + 22g4 +365ii 



- \al\'[2\al\' + 2|5,p + Tr(/i/it) + Tr[fjfr)) (G.69) 
= -4.9i + I^P (G.70) 



: 285! - |6|'(2|6cP + 3|6|2 + 3Tr (y^yj) + 3Tr (y„y„t) 

.4 + gl + T^YeYA + Trfy.y;)) (G.71) 



7ffo-2|6,p + |aip (G.72) 

- 2|6ep(2|6,|2 + 3|5|2 - 3.gi + 3Tr(yrfyj) + 3Tr(y,y„t^ 

- gl + TrfyeF^t) + Trfy.y^)) (G.73) 



In these expressions we have defined 

Fc = + + + /c^/i* (G.74) 
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Beta functions for soft breaking masses of slcptons 

Again, the results for the slepton soft SUSY breaking masses at 1-loop are shown. 
The beta functions read 

+Y,Y^ml + mlY.Yj + Y.Y^ml + 2Y,ml.Y^ 



where 



5*2 = 2{m\ca - m\^a) + Tr [m% - jti^c + m^c — m^c + 2m| - 2mQ] 



Beta functions for gauge couplings 

(^il = ^9%L (G-77) 
f^il = \91l (16.93' + 50.gk + I85! + 30.9^ - 12|aip - 9Tr(/i/i^) (G.78) 
- 2Tr(ydy]) - GTrfny,^) - 2Tr(r„K.l) - 6Tr(nrj) - gTrf/^Vc^; 



/3^1' = 3.gi (G.79) 
/^F.' ^.9i( - 28|6P + 3(24.g2 - 2|6,p - 2Tt{y,Y^) - 2Tr(nKj) + 3.gk 

+ 49ffi - 6Tr(yrfy]) - 6Tr(K,yi) + .g^ ) ) (G.80) 
P'il = QffI (G.81) 
Pf^ = gl(2Agl + 155|i + S.g! + Ibgl - A\al\^ - A\b\^ - 2%\^ - 3Tr[.fjl^) 

- 6TT(YdYj) - 2Tr(Y,YA - 6Tt(y^yA - 2Ti:(y,yA - STrf/iVi"^^ 



(G.82) 

/3W = -35I (G.83) 
f^if = gl (1453 + 3ff|j - 4Tr(y,rj) - 4Tr(y„Kj) + 99I + gl^) (G.84) 
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